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RESUME 
La formation et les fonctions de tissus tridimensionnels necessitent la presence et le support 
d'une bonne matrice vasculaire. DeTavis general, seuls des materiaux composites peu-
vent repondre aux exigences complexes du corps humain lors de la guerison d'une plaie. 
Les biopolyesters d'origine microbienne sont consideres comme des biomateriaux de deux-
ieme ou troisieme generation. Un des microorganismes a considerer pour la production de 
polyhydroxyalcanoates (PHAs) est la bacterie methylotrophe Methylobacterium extorquens. 
L'avantage de M. extorquens sur les autres microorganismes est son utilisation du methanol 
comme substrat primaire tant pour sa croissance que pour la production de biopolyesters. 
La conception de polyhydroxyalcanoates (PHAs) constitues d'unites monomeriques courtes 
(« shorts-chain-length » ou abrevies scl, avec C < 5) et d'autres monomeres insatures et 
de longueur moyenne (« medium-chain-length » ou mcl, avec 6 < C < 14) visait a com-
biner les proprietes mecaniques avantageuses des PHAs-scl/mcl, inertes, et des PHAs-mcl 
fonctionnalises. Les souches recombinantes de M. extorquens portant le gene phaCl ou 
phaC2 provenant de Pseudomonas fluorescens GK13 se sont montrees capables d'incorporer 
un nombre significatif de doubles liaisons carbone dans leurs PHAs. Un bioprocede de fer-
mentation base sur la souche recombinante M. extorquens ATCC 55366 porteuse du gene 
phaC2 de P fluorescens GK13 a ete developpe et a permis une production de biopolyesters 
de l'ordre de quelques grammes. Les PHAs extraits de la biomasse produite se sont averes 
etre un melange de PHAs-scl et de PHAs-scl/mcl fonctionnalises resultant, respectivement, 
de Taction des PHA synthases presentes, la native et la recombinante. Des analyses ther-
momecaniques ont confirme que les PHAs-scl/mcl fonctionnalises presentaient les pro-
prietes physico-chimiques recherchees lors de leur conception initiale. 
Ce projet a contribue a la recherche moderne sur les polyhydroxyalcanoates a plusieurs 
niveaux. Tout d'abord, M. extorquens ATCC 55366 a ete transformee en une usine de pro-
duction de biopolyesters de seconde generation. De plus, les proprietes physiques et me-
caniques avantageuses des PHAs-mcl et PHAs-scl/mcl ont pu etre combinees avec succes 
pour former des PHAs-scl/mcl fonctionnalises. Ces biopolyesters deviennent ainsi d'excel-
lents candidats comme materiaux de base pour le domaine de l'ingenierie tissulaire. 
Mots-cles: biopolyesters, polyhydroxyalcanoates avec groupements reactifs, Methylobac-
terium extorquens, modification genetique, fermentation en bioreacteurs pilotes, caracteri-




A B S T R A C T 
Vascular networks are required to support the formation and function of three-dimensional 
tissues. Biodegradable scaffolds are being considered in order to promote vascularization 
where natural regeneration of lost or destroyed vascular networks fails. Particularly, com-
posite materials are expected to fulfill the complex demands of a patient's body to support 
wound healing. Microbial biopolyesters are being regarded as such second and third ge-
neration biomaterials. Methylobacterium extorquens is one of several microorganisms that 
should be considered for the production of advanced polyhydroxyalkanoates (PHAs). M. ex-
torquens displays a distinct advantage in that it is able to utilize methanol as an inexpensive 
substrate for growth and biopolyester production. 
The design of functionalized PHAs, which would be made of both saturated short-chain-
length (scl, C < 5) and unsaturated medium-chain-length (mcl, 6 < C < 1 4 ) monomeric 
units, aimed at combining desirable material properties of inert scl/mcl-PHAs with those of 
functionalized mcl-PHAs. By independently inserting the phaCl or the phaC2 gene from 
Pseudomonas fluoresceins GK13, recombinant M. extorquens strains were obtained which 
were capable of producing PHAs containing C-C double bonds. A fermentation process 
was developed to obtain gram quantities of biopolyesters employing the recombinant M. 
extorquens ATCC 55366 strain which harbored the phaC2 gene of i? fluorescens GK13, the 
better one of the two strains at incorporating unsaturated monomeric units. The PHAs pro-
duced were found in a blend of scl-PHAs and functionalized scl/mcl-PHAs (4 < C < 6), 
which were the products of the native and of the recombinant PHA synthase, respectively. 
Thermo-mechanical analysis confirmed that the functionalized scl/mcl-PHAs exhibited the 
desirable material properties expected. 
This project contributed to current research on polyhydroxyalkanoates at different levels. 
The terminal double bonds of the functionalized scl/mcl-PHAs are amenable to chemical 
modifications and could be transformed into reactive functional groups for covalently lin-
king other biomacromolecules. It is anticipated that these biopolyesters will be utilized as 
tissue engineering materials in the future, due to their functionality and thermo-mechanical 
properties. 
Keywords : biopolyesters, functionalized polyhydroxyalkanoates, Methylobacterium extor-
quens, genetic modification, fermentation in pilot-scale bioreactors, material characteriza-
tion, thermo-mechanical properties, tissue engineering 
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General Introduction and Objectives 
People have used biopolymers for a significant period of time, initially using wood to fab-
ricate tools and weapons and later as construction materials. Fur, skin and plant mate-
rials were also used to produce textiles, while resins were utilized as glue and sealing 
agents. These examples demonstrate some of the important properties of polymers to hu-
mans, namely processibility, durability, deformation properties (ranging from flexible to 
firm), insolubility in water and portability due to low densities. More recently, natural rub-
bers were introduced to Europe in the 19th century, leading to the production of synthetic 
rubber-based materials [1,2]. Although other synthetic polymers followed, it was not un-
til the 1920s that the structure of polymers began to be understood, leading to Hermann 
Staudinger being awarded the Nobel Prize for Chemistry in 1953 for his work on synthetic 
materials and polymerization [3-5]. His work may be regarded as the origin of modern 
polymer chemistry, which has undoubtedly contributed to the rise in living standard of hu-
man beings. 
The majority of synthetic polymers are plastics, which can be produced cheaply from crude 
oil and natural gas. These polymers have replaced many alternative materials and are 
widely used both in industry and domestically. However, the mass production and durability 
of plastics has resulted in accumulation of synthetic polymers from nonrenewable feedstock. 
Environmental and health concerns regarding this have created pressure for new forms of 
waste management. As a result, reusing and recycling of plastics has been encouraged in 
many countries since the end of the 20th century. Increasing issues regarding waste has 
also stimulated the search for biodegradable plastics. Although biomacromolecules other 
than proteins, polysaccharides and ribonucleic acids have been known of for a long time, 
their use as materials is limited, mainly due to high production costs and poor material 
properties compared to conventional plastics. Moreover, the environmental benefit of using 
biopolymers is still a contentious issue [6-8]. However, despite this, some manufacturers 
have begun to offer compostable consumer products, mainly for food packaging, made of 
poly(lactic acid) (PLA) or starch. 
Although one of the primary applications for biodegradable polymers is simply to replace 
conventional plastics, some may find use in the medical field, for example, in tissue engi-
neering where conventional materials cannot always be used. Biopolymers that are com-
patible with living tissue may support tissue function and even restore lost tissue by pro-
1 
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moting in vivo cell growth. Polyhydroxyalkanoates (PHAs) are among the bioplastics that 
have been suggested to be particularly appropriate for such purposes. However, despite a 
significant amount of research into this area, a biomaterial for engineering microvessel net-
works has yet to be produced. In the search for new biomaterials for regenerative medicine, 
PHAs have been the focus of significant research due to their desirable biocompatibility and 
biodegradability properties [9]. Directed tissue regeneration requires that complex biolog-
ical environments be mimicked, allowing for desirable interactions between a number of 
different elements to occur. Conventional materials often fail in this approach since they 
cannot fulfill many of the conditions required for tissue regeneration. For example, a given 
material may exhibit good mechanical strength but may lack the ability to be biodegraded. 
Therefore, it is widely anticipated that the most suitable material to promote vasculariza-
tion may be a composite biomaterial (biocomposite). One of the primary advantages of 
polyhydroxyalkanoates is the possibility to incorporate functional groups. The introduction 
of functionalities offers the possibility to combine desirable properties from different bio-
materials. The manufacture, properties and characteristics of PHAs are reviewed in Chapter 
1 
OBJECTIVES. This study forms part of the interdisciplinary research project 3-D Scaffolds as 
Directional Guides for Engineering Microvessel Network, supported by the Natural Science and 
Engineering Research Council Canada (NSERC) and was performed at the Biotechnology Re-
search Institute of the National Research Council of Canada (NRC-BRI) in Montreal. Together 
with participants from the University of Ottawa, Universite Laval, Universite de Sherbrooke 
and the company Biomatera, the development of a composite biomaterial to promote tissue 
culture was investigated. The covalent bond between a gel-like biopolymer (pullulan) and 
a hydrophobic biopolyester (polyhydroxyalkanoate) was thought to facilitate cell adhesion 
and ingrowth for assisting the formation of a microvessel network. The doctoral work pre-
sented here aimed at developing a partly optimized fermentation process for functionalized 
polyhydroxyalkanoates that would eventually constitute the mechanical support for such a 
biocomposite material. It was anticipated that sufficient quantities would be obtained to 
allow for preliminary material characterization and evaluation towards its subsequent use 
in tissue engineering. 
STRATEGY. PHAs with a novel structure were designed to fulfill two main characteris-
tics: functionality and desirable material properties. Saturated short-chain-length/medium-
chain-length polyhydroxyalkanoates (scl/mcl-PHAs) (4 < C < 14) were used as templates 
due their positive thermo-mechanical properties [10,11]. After evaluating functional groups 
3 General Introduction and Objectives 
located within the side chains of polymers, it was concluded that incorporation of terminal 
double bonds would be the most likely approach for yielding positive results. The methy-
lotroph Methylobacterium extorquens ATCC 55366 was chosen as the production host for the 
following reasons. 
1. It has been shown to produce a high yield of PHAs [12-15]. 
2. It is a robust microorganism that tolerates high levels of methanol, which acts as a 
cheap and non-food carbon source for growth and polyhydroxybutyrate (PHB) pro-
duction at the same time. 
3. There was in-house expertise, as a significant amount of research has been performed 
since M. extorquens ATCC 55366 was isolated by the the Microbial & Enzymatic Tech-
nology Group at the Biotechnology Research Institute of the National Research Council 
of Canada [12,16-19] . 
ORIGINALITY AND CONTRIBUTIONS. The present work has resulted in the following 
advancements: 
1. A novel recombinant microbe for the production of functionalized polyhydroxyalka-
noates (PHAs) was produced. Methylobacterium extorquens strain ATCC 55366 was 
engineered to harbor either the phaCl or the phaC2 gene from Pseudomonas fluo-
rescens GK13. Both of the recombinant strains were observed to feature a tightly 
regulated expression system for recombinant PHA synthases with a broad substrate 
specificity. 
2. A novel group of functionalized polyhydroxyalkanoates was created comprising mono-
meric 3-hydroxyalkanoate units of short (4 < C < 5) and medium chain lengths (6 < 
C < 8), some of which contained terminal double bonds in their side chains. 
3. After successful proof-of-concept study in shake flasks, the production of desirable 
biopolyesters was performed in small and pilot-scale bioreactors (V < 150 L). 
4. A simple mathematical model was developed to estimate the concentration of toxic 
co-substrate 5-hexenoic acid. The on-line estimation was integrated into the process 
control system to yield automatic co-substrate addition. 
5. Material characterization indicated that unsaturated scl/mcl-PHAs exhibited improved 
thermal properties. 
4 General Introduction and Objectives 
The results presented in this thesis contribute to a number of research fields including 
molecular biology, applied microbiology, bioprocess engineering and polymer science. 
THESIS STRUCTURE. This doctoral thesis comprises chapters which have been prepared 
in the form of individual manuscripts for publication in peer-reviewed journals. At the time 
of final deposit, one article had been accepted (Chapter 1), one was going to be acceppted 
after revisions to be made (Chapter 3) and one was in preparation for submission (Chapter 
4). 
Chapter 1, Activation of Polyhydroxyalkanoates: Functionalization and Modification, com-
prises a literature review on the subject of functionalized polyhydroxyalkanoates (PHAs), 
covering aspects from their discovery to the most recent production-related developments. 
Moreover, natural, chemical, and physical modification techniques to activate functional-
ized and non-functionalized PHAs are presented. Since PHAs qualify for fine applications, 
they are also briefly discussed as potential candidates for tissue engineering applications. 
Chapter 2, Design of Suitable Functionalized PHAs, describes how the type of PHAs that were 
ultimately produced was chosen. Particular focus is placed on biopolyesters which were 
designed on the basis that their structure was considered to be novel and to have potential 
for a variety of applications. 
Chapter 3, Production of Functionalized Polyhydroxyalkanoates by Genetically Modified Methy-
lobacterium extorquens strains, is presented as a proof-of-concept investigation, in which it 
is demonstrated that the designed functionalized PHAs (Chapter 2) could be produced suc-
cessfully. Genetic engineering techniques were applied to obtain recombinant M. extorquens 
ATCC 55366 harboring either the phaCl or the phaC2 gene from P. fluorescens GK13, capable 
of producing the desired PHAs. 
Chapter 4, Production and Characterization of Functionalized Polyhydroxyalkanoates with Im-
proved Thermal Properties by Recombinant Methylobacterium extorquens, describes the pro-
duction in bioreactors required to obtain sufficient quantities of functionalized PHAs for 
material characterization. The most suitable strain, M. extorquens ATCC 55366 harboring 
phaC2 from P fluorescens GK 13, was chosen for bioreactor studies and production scale-
up. PHAs were extracted from the production host in quantities that permitted thermo-
mechanical analysis. The functionalized PHAs designed previously (Chapter 2) were com-
pared to commercially available non-functionalized analogs and are presented as candidates 
for high-value applications including tissue engineering. 
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Resume fran9ais: 
Les polyhydroxyalcanoates (PHAs) sont des molecules de stockage de carbone et d'energie 
pour de nombreuses especes bacteriennes. II est generalement admis que les n-hydroxyal-
canoates sont synthetises et polymerises en polyesters puis entreposes sous forme de gran-
ules compacts au sein des cellules bacteriennes lorsque les conditions de croissance sont 
debalancees. En l'absence de carbone extracellulaire, les PHAs entreposes sont depolymeri-
ses et metabolises pour subvenir aux besoins de maintenance et de reproduction de la bac-
terie. Cependant, certaines bacteries montrent une production et une degradation de PHAs 
lors de leur cycle de croissance normal. Ce cycle naturel de production et de degradation 
indique que les PHAs sont biodegradables et qu'ils pourraient egalement posseder des pro-
prietes de biocompatibilite. De plus, depuis la decouverte que certaines bacteries peuvent 
incorporer des 3-hydroxyalcanoates possedant des groupements fonctionnels provenant de 
substrats chimiquement similaires, la recherche a mene a une diversification structurale des 
PHAs suite a des modifications chimiques ou biosynthetiques. Une des voies, communement 
appliquee et permettant d'ajuster et de controler les proprietes de PHAs, est leur fonction-
nalisation in situ par incorporation biosynthetique de chaines laterales se terminant par 
des doubles liaisons carbone qui peuvent ensuite etre chimiquement modifiees. Des PHAs 
non-fonctionnalises peuvent egalement etre actives par des methodes de modification de 
surface. La modification « sur demande » des structures et proprietes physico-chimiques des 
polyhydroxyalcanoates a permis aux PHAs d'occuper une position de choix comme element 
de base dans la production de biomateriaux de deuxieme et troisieme generations. 
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CHAPTER 1 
Activation of Polyhydroxyalkanoates: 
Functionalization and Modification 
Abstract 
Polyhydroxyalkanoates (PHAs) serve numerous bacteria as storage compounds. It is gen-
erally believed that under unbalanced growth conditions, n-hydroxyalkanoates are synthe-
sized inside the bacterial cells, polymerized to polyesters, and densely packed in granules. 
In the absence of extracellular carbon, the internally stored PHAs are depolymerized and 
consequently metabolized to enable cell maintenance and reproduction. However, some 
bacteria exhibit growth associated production and degradation of PHAs as part of the cell 
sustainment. This natural production and degradation cycle indicates that PHAs possess 
biodegradability and may have biocompatibility properties. Since the discovery that some 
bacteria can incorporate 3-hydroxyalkanoates bearing functional groups from related sub-
strates, research has led to structural diversification of PHAs by biosynthesis and chemical 
modifications. A commonly applied route for tailoring PHAs is their in situ functionalization 
by biosynthetically producing side chains with terminal double bonds followed by chemistry. 
Non-functionalized PHAs can also be activated by surface modification techniques. The 
resulting tailor-made structural and material properties have positioned polyhydroxyalka-
noates well to contribute to the manufacturing of second and third generation biomaterials. 
7 
8 CHAPTER 1. REVIEW PAPER: ACTIVATION OF POLYHYDROXYALKANOATES 
1.1 In t roduct ion 
Functionalization describes the introduction of chemical functional groups to polymeric 
materials. With respect to synthetic polymers, this process mainly includes the manip-
ulation of surfaces by different coating techniques to tailor their surface properties and 
to meet specific manufacturing needs. The advantage of having functionalities in biolog-
ical polymers and macromolecules was realized early as their functional groups can be 
used to control processibility, mechanical properties, or solubility by chemical modifica-
tions [21]. Recently biomaterials have been designed with applications that exceed those of 
conventional biopolymers like proteins, cellulose, and polyribonucleic acids. Consequently 
biomaterials may soon replace conventional, petroleum-based plastics in many areas in-
cluding regenerative medicine. Furthermore, biomaterials may be converted into smart 
or multi-functionalized biomaterials, which respond to specific stimuli and can therefore 
fulfill multiple tasks [22,23]. Despite rapid progress in this field, the functionalization it-
self remains a challenge as it may require much energy, complex equipment, and reactive 
chemical reagents. 
In comparison to other biomaterials, polyhydroxyalkanoates (PHAs) are a family of 
biodegradable and biocompatible polymers that have the potential to facilitate their func-
tionalization as it may be integrated into the biotechnological production process. The 
broad substrate specificity of some PHA synthases enables the fermentative production of 
PHAs bearing functional groups in their side chains. As a result, these polymers can easily 
be chemically modified to improve their properties or to covalently bind other molecules 
and polymers. Composite materials that have a core composed of PHAs are of significant 
interest in tissue engineering and controlled drug release applications [24-28]. To date the 
fabrication of composite materials including PHAs is typically achieved by blending them 
with other polymers [29-32]. 
Polyhydroxyalkanoates may be subjected to chemical and physical modification steps to im-
prove their thermo-mechanical and surface properties. A number of such modifications can 
be performed to make PHAs more valuable and to expand their application spectrum. This 
review aims to introduce the reader to functionalized polyhydroxyalkanoates from their dis-
covery to the most recent developments in production. Moreover, natural, chemical, and 
physical modification techniques to activate functionalized and non-functionalized PHAs 
are presented. Since PHAs qualify for fine applications, they are also briefly discussed as 
potential candidates for tissue engineering materials. 
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Typical values for x,n, and R: 
R 0 
* 
x = 1 to 4 
n = 1,000 to 40,000 
R= alkyl group (CmH2m+1) n 
or functionalized group 
Figure 1.1: General structural formula of polyhydroxyalkanoates. 
1.2 Polyhydroxyalkanoates and their properties 
The primary functions of polyhydroxyalkanoates are to act as internal carbon and energy 
storage [33-36]. PHAs are water-insoluble polyesters intracellularly produced, often pro-
moted by unbalanced growth conditions, and stored by a wide range of bacteria, some 
yeasts, and a few transgenic plants. Bacteria, the predominant microorganisms for polyhy-
droxyalkanoic acid production, synthesize PHAs especially in the presence of excess carbon 
source and under limiting nutrient conditions. Once the limiting nutrient is supplied, the 
carbon storage in form of PHA is degraded and used for growth. The type of microorganism 
and the growth conditions applied determine the molecular weight of the PHAs and these 
usually range from 200 kDa to 3 MDa [34,37]. Choi and Lee reported the production of 
supra molecular weight poly(3-hydroxybutyrate) (PHB) as high as 22 MDa by metabolically 
engineered Escherichia coli cells [38]. PHB, illustrated in Figure 1.2, is the most common 
and known member of these polyesters with a methyl group at the third carbon atom on 
the polymer backbone. 
Figure 1.2: Poly(3-hydroxybutyrate) (PHB). 
PHA forming units can be combined to form an endless variety of different copolymers. To 
date more than 150 types of biologically produced PHAs have been reported [39^41], a 
value that already exceeds the number of PHAs that are available from chemical synthesis 
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1. Short-chain-length-3-hydroxyalkanoates (scl-3HA). 
• 3-5 carbon atoms. 
f 
2. Medium-chain-length-3-hydroxyalkanoates (mcl-3HA). 
• 6-14 carbon atoms. 
3. Long-chain-length-3-hydroxyalkanoates (lcl-3HA). 
• 15 carbon atoms and more. 
Poly(3-hydroxyalkanoates) may contain any combination of the monomeric unit classes 
listed above, including copolymers with scl- and lcl-3HA units (scl/lcl-PHAs), which were 
recently produced [44]. The most common PHAs, however, are scl-PHAs and mcl-PHAs. 
The side-chain length determines the thermo-mechanical properties of the polymer and 
plays a crucial role in selecting the right PHA for the desired application. 
1.2.1 Biocompatibility 
Arguably the most important consideration when employing extrinsic materials for medical 
applications is their biocompatibility. Potential candidates are typically excluded if they 
cause toxic reactions. Materials that are chosen to interact with living tissue, therefore, 
have to undergo intensive in vitro and in vivo studies to ensure their capability to function 
properly. Williams defined biocompatibility as 
"the ability of a material to perform with an appropriate host response in a specific 
application" [45]. 
Biocompatibility thus describes tissue-material interactions. There are three factors, which 
the biological response of a material depends on [46] : 
1. The properties of the material. 
2. The characteristics of the host. 
3. The functional demands on the material. 
Only a combination of these factors is sufficient to make a statement on the biocompatibility 
of the application. This conclusion makes general predictions about PHA tolerance difficult, 
especially since most information is currently only available for PHB and PHBV [9]. How-
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ever, present studies related to these polymers allow for a basic evaluation of the biological 
response to PHAs in general. 
The monomeric component of PHB, 3-hydroxybutyrate (3HB), is a common metabolite 
found in all higher organisms [9]. The blood concentration of this hydroxy acid was re-
ported to be between 0.03 and 0.1 g/L in healthy adults (cited in [47]). The monomeric 
unit of poly(4-hydroxybutyrate) (P4HB) is also widely distributed in mammals [48]. These 
two PHA components have been studied intensively for applications in human and animal 
medicine [49-54]. Natural occurrence of these monomeric units suggests that their poly-
meric forms could induce positive biological response. In addition, Reusch and co-workers 
reported PHB to be a ubiquitous component of the cellular membranes of animals [55]. As 
such, these findings serve as evidence for desired biocompatibility of implanted PHB [56]. 
In vitro cell culture and in vivo tissue responses have been studied with different PHAs in the 
past. These topics have been the subject of several reviews recently [9 ,46,57] . In general, 
PHAs were found to show high biocompatibility in cell cultures and to be well tolerated in 
vivo. 
1.2.2 Biodegradation 
The inescapable predicted shortage of crude oil has led to focused research aimed at reduc-
ing the use of petroleum-based products. In the search for renewable energy and feedstock, 
the term "green" has become a synonym for alternative products that are environmentally 
friendly. Consequently, "green" plastics may play an important role in achieving a sustain-
able future. 
Green plastics are those which become degraded to environmentally acceptable products 
[58]. This process, known as biodegradation, defines the decomposition of material by 
microorganisms. It is rational to suggest that any biologically produced material is also 
biodegradable. However, this feature is not exclusively reserved to biopolymers. There 
are synthetic polymers, which successfully mimic the ability of being biodegradable. Thus, 
not only the source but also the texture, conformation, and co-monomeric composition are 
important factors for biodegradation [59]. Biodegradable plastics can be divided into three 
groups [37]: 
1. Chemically synthesized polymers. 
2. Starch-based plastics. 
12 CHAPTER 1. REVIEW PAPER: ACTIVATION OF POLYHYDROXYALKANOATES 
3. Polyhydroxyalkanoates. 
The fist group includes polyglycolic acid (PGA), polylactic acid (PLA), polyvinyl alcohol, 
and poly(ethylene oxide) (PEO) [60]. It should be noted that the biomedical potential of 
PGA and PLA was reported after PHB [46,61,62] . However, these synthetic polymers have 
been the subject of significant industrial research, leading to medical applications primarily 
due to their "industrial" advantage: potential for cheap production costs via chemical syn-
thesis. Hence, many different synthetic polymers have become trademarked, for example 
PLA, manufactured as LACEA™ by Mitsui Chemicals Inc. (Tokyo, Japan) [63]. Additional 
commercialized synthetic polymers from this group also include [59]: 
• Ecoflex™ by BASF AG (Ludwigshafen, Germany). Aliphatic-aromatic co-polyester 
consisting of terephtalic acid, 1,4-butanediol, and adipic acid [64]. 
• Biomax™ by DuPont (Wilmington, DE, USA). Aliphatic-aromatic co-polyester con-
sisting of ethylene glycol, diethylene glycol, terephtalic acid, adipic acid, and sulfo 
isophtalic acid [65]. 
• Bionelle™ by Showa Highpolymer Co., (Tokyo, Japan). Poly(tetra-methylene succi-
nate) [66]. 
Many starch-based plastics are only partially biodegradable. The starch functions as filler 
and crosslinking agent. The starch component of the resulting blend (for instance starch-
polyethylene) is easily degraded by microorganisms; however, the polyethylene component 
can remain in the environment for a significant period of time [37,67]. An exception can 
be found when starch is blended with petroleum-derived poly-e-caprolactone (PCL), which 
belongs to the family of Mater-Bi™ starch-based polymers (Novamont, Italy). This hybrid 
of a natural and a synthetic polymer is fully compostable [68], 
Polyhydroxyalkanoates, belonging to the third group, are 100% biodegradable plastics due 
to the ideal biosynthesis-biodegradation cycle they undergo [58]. The resulting degradation 
products are water and carbon dioxide under aerobic conditions and methane and C0 2 
under anaerobic conditions [69,70]. 
The enzymes that are responsible for the depolymerization of polyhydroxyalkanoic acids 
are called PHA depolymerases, which can be found both inside and on the outside of cells. 
Different specifities are required to degrade native (intracellular) and denaturated (extra-
cellular) PHAs [47,71]. Intracellular PHAs are amorphous and covered by a surface layer 
of proteins and phospholipids. On the contrary, extracellular PHAs are crystalline. PHAs are 
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degraded intracellularly by microorganisms in the absence of a carbon source that can be 
used for biomass production [72,73]. Extracellular PHA depolymerases are secreted by mi-
croorganisms to hydrolyze polyhydroxyalkanoates released into the environment after the 
accumulating organisms have died. Their specificities, however, are not only determined 
by where they act. The physico-chemical properties of the polymer are also very impor-




3. Molecular mass (the lower the molecular mass the faster the degradation) and; 
4. Monomeric composition of the PHA. 
The mechanism of PHA hydrolysis and the important characteristics of PHA depolymerases 
and their regulation have been described [42]. Information on the technical aspects and 
biodegradability of PHAs can be obtained from [74-77]. 
1.2.3 Thermo-mechanical properties 
The thermo-mechanical properties of polyhydroxyalkanoates depend significantly on the 
chemical structure, the co-monomeric composition, the co-monomer-unit compositional dis-
tribution, the molecular weight distribution, and the average molecular weight [11,78,79]. 
The homopolymer PHB is a relatively stiff and brittle crystalline thermoplastic due to the 
extreme stereo-regularity of the perfectly isotactic chain configuration [9 ,10,80] . PHB ex-
hibits a high melting temperature (Tm), near to its thermal decomposition temperature, and 
therefore leads to restricted processing possibilities. The tensile strengths of polyhydroxy-
butyrate and isotactic polypropylene are similar [81]. However, the high crystallinity of 
PHB significantly limits its application possibilities, especially for biomedical applications 
since enzymatic attack is difficult, resulting in low degradation rates [82-86]. 
The incorporation of monomers other than 3HB generally leads to decreasing Tm, glass 
transition temperature (Tg), tensile strength and crystallinity, but to increasing elongation 
at break. Tensile strength describes the pull stress (force per area) required to break the 
material. The glass transition temperature is the temperature below which a polymer is 
very rigid and brittle, due to little mobility of the molecules. Plastic deformation can occur 
above T . Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was discovered to have 
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advanced properties compared to PHB, however PHBV still has a high degree of crystallinity 
(60-80%) [87,88] , which is one of the parameters when characterizing semicrystalline 
polymers [80]. This is due to the isodimorphism phenomenon that occurs in copolymers 
of PHBV: 3HB units surround 3HV monomers (and vice versa for 3HV above 40 mol%) 
without disruption of crystallinity [81,88,89] . Moreover, the portion of 3HV units has to 
be relatively high to significantly change the thermo-mechanical properties of PHBV [47]. 
The solution seems to be the incorporation of monomeric units with longer side chains to 
form mcl-PHAs. Table 1.1 summarizes the influence of the monomeric composition on the 
thermal and physical characteristics of different PHAs. Table 1.1 indicates that elongation 
at break, tensile strength, Tm, and Tg are primarily influenced by the monomeric composi-
tion and the side chain length. With the exception of the elongation at break, these thermal 
and physical characteristics decrease with increasing length and abundance of the pen-
dant groups. Thus, incorporation of units other than 3HB improves the thermo-mechanical 
TABLE 1.1: Thermo-mechanical properties of selected PHAs 
and polystyrene"1. 














PHB 177 4 43 5 
PHBV (90/10) 6 150 2 25 20 
PHBO (92 /8 ) 125 -4 ND ND 
PHBO (87 /13) 108 -8 ND ND 
PHOHxD (86 /12 /2) c 62 -33 9 380 
PHOHx (88 /12) 61 -35 9 380 
PHOU (95 /5 ) 62 -35 ND ND 
PHOU (66 /34) 54 -40 ND ND 
P4HB 60 -50 104 1000 
PHB4B (84 /16) 152 -8 26 444 
Polypropylene 170 -10 34 400 
Polystyrene 110 21 50 ND 
"Adapted from [9 ,10 ,37 ,90-92] . Note: the thermo-mechanical properties of PHAs also depend on their 
molecular weight distribution and average. Thus, author's results do not always agree 100%. However, the 
values summarized in this table can be seen as indicators. ND = no data; 
bPHXY (m/n) = m mol% of X and n mol% of Y; 
CPHXYZ (m/n/o) = m mol% of X, n mol% of Y and o mol% of Z. 
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properties of polyhydroxyalkanoates resulting in softer, more flexible, and less crystalline 
bioplastics. Poly(4-hydroxybutyrate) (P4HB) holds an exceptional position among PHAs 
as this homopolymer does not have a side chain and the backbone length is extended by 
one carbon atom compared to the 3HA backbones. Hence, this PHA is currently under in-
vestigation for biomedical applications. More detailed analysis of the thermo-mechanical 
properties of these polymers can be found in other recent reviews [37,81] and references 
therein. 
1.3 Polyhydroxyalkanoates as tissue engineering ma-
terials 
The material properties of polyhydroxyalkanoates qualify them for high performance bio-
materials as required for directed tissue regeneration. Tissue engineering materials have 
to provide an interconnected porous network, which is commonly referred to as a scaffold. 
Like all potential scaffolding materials, PHAs have to fulfill five key requirements [93]: 
1. Biocompatibility. 
2. Biodegradability to non-toxic products. 
3. Support cell adhesion. 
4. Allow ingrowth of cells. ^ 
5. Guide and organize cells within the scaffold. 
Scaffolds made of polyhydroxyalkanoates are assumed to meet the first two requirements 
listed above. They can be prepared using most of the currently available techniques includ-
ing rapid prototyping [94]. The principle of preparing a PHA scaffold is illustrated in Figure 
1.3. 
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Biopsy to remove 
autologous cells Scaffold fabricated 
from PHA 
Implant 











1. PHA scaffold fabricated for application 
2. Tissue specific cells obtained from biopsy or cell bank 
3. Cells sorted, cultured and seeded into scaffold 
4. Cells proliferate on scaffold and are implanted at tissue engineering site 
Figure 1.3: Principle of implanting a scaffold. The schematic diagram shows the implanta-
tion of a "mature" (i.e. three-dimensionally overgrown) scaffold. Reproduced with permis-
sion from [93]. 
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1.3.1 Poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-
3-hydroxy valerate) 
Solvent casting and particle-leaching (SCPL) techniques were applied to produce PHB foams 
with a controlled open-cellular structure [95]. The authors of this study described a tech-
nique whereby chloroform was used as a solvent and sodium chloride as particles and pro-
posed that their resulting three-dimensional matrix may be suitable for biomedical appli-
cations. A melt spinning technique was employed to produce PHB fibers from granulated 
powder [96]. These fibers were spun to textile structures of various forms with the help of 
an embroidering technique. Previously prepared PHB films could be attached to the spun 
fibers to obtain implantable three-dimensional PHB patches of high mechanical strength 
and flexibility. Finally a low-pressure ammonia plasma treatment caused a hydrophilic sur-
face to be produced. Comparisons between treated and untreated surfaces indicated that 
these modifications can lead to promoted growth of fibroblasts, making these patches highly 
applicable for medical purposes [96-98]. Shishatskaya and Volova investigated films made 
from high-purity PHB and PHBV (96 /4 - 70 /30) 1 as matrices for in vitro cell culture [99]. 
They reported PHBV to be more porous than PHB, although both exhibited otherwise iden-
tical surface properties. Cell cultures of fibroblasts, endothelium cells, and isolated hep-
atocytes showed high levels of attachment to the PHA films. In contrast to a preliminary 
study [100], not only PHB but also PHBV were found to be non-toxic. It was concluded that 
the purity level of the biomaterial strongly determined the biological response in addition 
to chemical composition and fabrication method [99]. 
Composite materials consisting of hydroxyapatite (HAP) and PHB or hydroxyapatite and 
PHBV have been shown to be sustainable scaffolds for bone tissue engineering. Ni and Wang 
incorporated HAP into PHB by compounding, milling, and compression molding [101]. The 
resulting PHB/HAP composite was tested in vitro for the replacement of hard tissue. A layer 
of apatite, the major component of bones and tooth enamel, was formed on the composite 
surface after a short time period. Measurements of the storage modulus of the biomaterial 
indicated degradation of the material over time. The rate of formation and growth of the 
apatite layer as well as the mechanical properties could be varied by changing the HAP 
portion of the composite. Luklinska and Schluckwerder studied the potential of PHB and 
PHBY which were reinforced by HAI> by implanting scaffolds into the tibias of rats [102]. 
They reported lamellar bone formation that replaced the composite matrix over the 6-month 
implantation period and suggested that these biomaterials could be suitable candidates for 
'PHXY (m/n) = m mol% of X and n mol% of Y. 
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bone regeneration. Koese et al. investigated the potential of PHB and PHBV scaffolds in 
vitro for the formation of bone tissue and reported augmented osteoblast cell proliferation 
and differentiation on both matrices [103,104]. 
Investigations on the potential of PHB to fill nerve gaps were carried out [105]. In this study 
conduits were prepared by rolling compressed PHB fibers in the form of rectangular sheets 
around an intravenous cannula. These conduits were then filled with an alginate hydrogel 
containing Schwann cells (SC), which surround axons of the peripheral nerve system with 
myelin and secrete regulatory factors. The resulting composite was implanted into rats to 
bridge a 10 mm gap in the sciatic nerve. In comparative tests, allogeneic SC exhibited sim-
ilar matrix ingrowth and axal regeneration compared to autologous SC without deleterious 
immune response at the beginning. However, the extrinsic Schwann cells were rejected 
after six weeks as indicated by the presence of a large number of lymphocytes. The authors 
proposed allogeneic SC to be a good choice for nerve repair due to their immediate avail-
ability in case of an emergency. However, more research is required to prevent the observed 
immune response from occurring [105]. In a subsequent study, the glial growth factors 
(GGF) were added to the alginate-PHB matrix [106]. GGF are SC-specific trophic factors, 
which are essential for axonal regeneration following injury. The conduits were evaluated 
for long gap repair of peroneal nerves in New Zealand white rabbits that help to activate 
muscles that are responsible to lift the foot. Pure alginate-PHB and empty PHB conduits 
were used as controls. It was concluded that the addition of GGF greatly enhanced axonal 
regeneration in a time period of 120 days, resulting in less muscle mass loss compared to 
the controls [106]. Furthermore, the application of an alginate-PHB matrix for nerve repair 
was successfully tested to treat spinal cord injury in rats [107]. 
The application of the composite PHB/triethylcitrate as a stent, in cases where life-long per-
sistence of the stent is not necessary, failed due to inflammatory reaction to the implanted 
scaffold [108]. Triethylcitrate was used to enhance flexibility and reduce brittleness of the 
biomaterial. The composite stents were implanted into the iliac arteries of New Zealand 
white rabbits. The in-stent lumen diameter was highly decreased due to accumulation 
of collagen and monocytes as well as to intercellular matrix production. Complete occlu-
sion occurred in one case. The authors of this study speculated that PHB degradation was 
responsible for the vascular clotting without offering a coherent explanation for the link-
age between degradation and the observed inflammatory reaction. They proposed that 
the portion of biodegradable material should be reduced and that the mechanical proper-
ties should be improved [108]. A new scaffolding technique for PHB was developed by 
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preparing highly porous scaffolds with an emulsion template method [109]. Scaffolds were 
laminated to a three-dimensional matrix. The construct exhibited porosity above 90% with 
a median pore size ranging from 5 to 30 microns that had good interconnectivity. The re-
searchers reported an accelerated degradation rate in vitro due to the porous configuration. 
Moreover, they proposed that the wide distribution of the pore size could favorably promote 
cell growth and mass transfer. 
1.3.2 Poly(4-hydroxybutyrate) and poly(3-hydroxyoctanoate) 
with copolymers 
Scaffolds for the regeneration of heart valves were created based on decellularized porcine 
aortic valves that were enzymatically degraded to obtain the extracellular matrix without 
changing the biochemical properties [110]. The extracellular matrix (ECM) was dissolved 
in ethanol and then immersed in a 1% PHA/chloroform (v/v) solution followed by wet sol-
vent elimination in a phosphate buffer solution (PBS). The resulting biomatrix/PHA hybrid 
was tested for biocompatibility and fluid dynamics in vitro as well as in rabbits and sheep. 
The PHAs used for the polymer impregnation were PHB, P4HB, and poly(3-hydroxbutyrate-
co-4-hydroxybutyrate) (PHB4B). They were used to stabilize the matrix since enzymatically 
decellularized heart valves, which are basically a fibrous network of collagen and elastin in 
addition to proteoglycans, exhibit weak mechanical properties. The biomatrix/PHA hybrids 
showed similar fluid dynamic and morphometric characteristics compared to native heart 
valves. Cell culture tests showed that a mixed population of human endothelial cells and 
myofibroblasts attached and proliferated on all three composites, whereas mouse fibroblasts 
grew on P4HB and PHB4B only. Preliminary in vivo tests in rabbits showed PHB-treated ma-
trices to be more biocompatible than P4HB-impregnated heart valves. However, since PHB 
is rather brittle and stiff, PHB4B (82/18) was chosen to stabilize the decellularized porcine 
aortic valves for implantation in four different sheep, of which one died during surgery. 
The remaining three animals were in good condition after three months. The implanted 
heart valve scaffolds did not exhibit any dysfunction. Similar experiments confirmed the 
feasibility and functionality of these hybrid composite heart valve scaffolds [111]. 
Rapid prototyping techniques were performed with different PHAs and co-grafted poly-
mers to fabricate heart valve scaffolds [112, 113]. In preliminary studies, a thermal 
processing technique was applied to an aluminum template to produce porous P4HB, 
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poly(3-hydroxyoctanoate) (PHO)2, and poly(3-hydroxyoctanoate-co-3-hydroxyhexanoate) 
(PHOHx) scaffolds. These proved to be advantageous over PGA for the preparation and 
implantation of heart valve scaffolds after performing tests in pulsatile flow bioreactors 
[114,115]. To improve the scaffolding process, the two PHAs were used to fabricate scaf-
folds with the help of rapid prototyping. Human heart valves from organ donors were 
scanned with computed tomography (CT). Based on the acquired image, stereolithography 
was used for the three-dimensional reconstruction of the shape of the valve and vessel. The 
obtained stereolithographic plastic model was then wrapped by SCPL-treated PHA (P4HB 
and PHOHx) films. With the help of the thermal processing technique, a trileaflet heart 
valve scaffold was formed. The constructed porous 3D matrix exhibited the anatomic shape 
of the original heart valve and showed the desired valve function in a pulsatile flow bioreac-
tor [112]. The same technique was used to engineer a vascular stent except that magnetic 
resonance imaging (MRI) was employed instead of CT for the image acquisition of the aor-
tic arch. The patient was a 12 year old, who suffered from aortic coarctation (narrowing 
of the aorta). The plastic model was wrapped tightly by P4HB-coated PGA patches to cre-
ate an anatomically exact copy [113]. Further tests were not performed but earlier in vitro 
studies showed that vascular cells attached to and migrated into scaffolds made of PHO and 
P4HB/PGA [116,117]. In in vivo investigations, autologous vascular cells from carotid ar-
teries were seeded onto PHO heart valve scaffolds for four days and incubated for 10 more 
days before implantation into the pulmonary position in lambs. The animals were killed 
after 17 weeks. During this time period, the tissue engineered heart valves exhibited proper 
function. The scaffolds were covered with fibrous tissue without any thrombus formation. 
Similar mechanical properties of the matrix covered by neotissue were observed compared 
to the mechanical properties of a native heart valve [118]. Only a 30% molecular weight 
loss of the P4HB scaffold had occurred during the 17 weeks. Nevertheless, the relatively 
inelastic PHO scaffold (compared to native heart valve tissue) changed its mechanical char-
acteristics suggesting that the regenerated tissue had overtaken the heart valve function at 
the time of death. In a recent study, human cardiovascular patches were fabricated in vitro. 
Using the previously described bioreactor set-up, human vascular cells attached and grew 
into porous P4HB scaffolds. With a novel cell seeding technique, it was possible to seed 
both sides of the patch and to provide an optimal amount of cell culture medium on both 
sides by positioning the patch between two metal rings [119]. 
2It is assumed that PHO in references (75, 99) and PHA in references (98, 101, 102) were PHOHx. The. 
presence of 3HO without 3HHx is very unlikely. 
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1.3.3 Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 
The microbiology research group at Tsinghua University (Beijing, China), headed by Guo-
qiang Chen, has intensively characterized PHAs as tissue engineering materials, focusing 
on poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). PHBHx showed the best performance 
when compared to PHB and PLA for rabbit bone marrow cell attachment and prolifera-
tion [120], The osteoblasts exhibited their characteristic morphology and, after 10 days of 
incubation, the cell population of PHBHx scaffolds was larger by approximately 40% com-
pared to PHB and by 60% compared to PLA scaffolds. Wang et al. proposed the use of 
PHBHx due to its surface properties, which they described as being rougher than the ones 
characteristic of PHB and PLA. Hydroxyapatite was blended into PHBHx scaffolds with the 
aim of strengthening its mechanical properties. However, this was not successful. Further-
more, the osteoblast response was only enhanced for PHB/HAP composites due to better 
compatibility between PHB and HAP Incorporating HAP into the less crystalline PHBHx ma-
trix led to surface smoothing, which weakened the cell adhesion process [121]. In another 
study, PHBHx was blended with gelatin. These composite films showed greater compatibil-
ity to mouse osteoblasts compared to PHBHx, again, supposedly due to increased surface 
roughness. Blending gelatin with PHBHx also resulted in accelerated degradation. It was 
proposed that increased surface porosity and decreased film crystallinity were responsible 
for this effect. A gelatin portion of 10% was found to be best for biodegradation, bio-
compatibility, and mechanical properties of the composite [122]. Yang et al. evaluated 
the potential of PHBHx films to promote bone marrow stromal cell differentiation into os-
teoblasts. The seeded cells showed attachment, proliferation, and differentiation so it was 
concluded that PHBHx may be considered as a biopolymer for bone tissue formation [123]. 
The optimal monomeric composition of PHBHx matrices for different cell types was deter-
mined by preparing PHA films with 5, 12, and 20% 3HHx content in comparison to PHB 
and PLA films. In general, PHB and PHBHx showed better biocompatibility compared to 
PLA. The osteoblast proliferation was best with PHBHx (88/12), while fibroblasts preferred 
PHBHx (80/20) . Since the surface morphology and hydrophilicity as well as the copolymer 
could be varied with changing the 3HHx content, it was concluded that this PHA can be 
optimized according to the cell type [124]. 
Scaffolds based on poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) and composites are 
also interesting for the regeneration of cartilage tissue. A series of blended PHBHx/PHB 
scaffolds was fabricated with SCPL technique [125]. The PHBHx-to-PHB ratios were 1:0, 
2:1, 1:1, 1:2, and 0:1. Chondrocytes from rabbit articular cartilage were seeded onto the 
prepared matrices and investigated for adhesion and proliferation over 28 days. In all 
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cases, the cells attached to the scaffolds and resembled to fibroblasts during the second half 
of incubation. Ingrown chondrocytes were predominantly spherically shaped and more nu-
merous within the 1:2 and 2:1 PHBHx/PHB scaffolds. The authors of this study explained 
the superior biocompatibility of these composites on the basis of improved surface proper-
ties. They proposed PHBHx/PHB blends consisting of crystalline and amorphous domains, 
in which PHB acts as physical crosslinker and filler. For this reason, the blended scaffolds 
were described to be rigid but not brittle. However, no explanation was provided as to why 
the 1:1 PHBHx/PHB matrix did not perform as well as the other blends in terms of chon-
drocyte proliferation. In addition, the monomeric distribution of the PHBHx used was not 
stated. In a subsequent study, ECM production of articular cartilage chondrocytes grown on 
the same series of PHBHx/PHB blends was investigated [126]. This time, the 2:1 composite 
was the most capable of providing attachment and ingrowth of collagen type II produced by 
the chondrocytes, which is characteristic of the extracellular matrix. Similarly, PHBHx/PHB 
blends were shown to have better surface properties than pure PHA scaffolds [127]. The 
crystallization behavior of these composites and their interactions with rabbit chondrocytes 
were studied [128]. The PHBHx/PHB ratios were 1:0, 3:1, 1:1, 1:3, and 0:1 with 12 mol% 
3HHx portion within the PHBHx copolymer. In comparison to the investigations previously 
described, films were used instead of SCPL-prepared scaffolds. The 1:1 blend was shown to 
be the optimal material for chondrocyte adhesion. The authors stated that the crystallinity 
of the blend increased with increasing PHB content and that the degree of polymerization 
significantly influenced surface chemistry, polarity, and free energy. Surface polarity in-
creased as crystallization was reduced, due to a larger amount of oxidized carbon atoms on 
the surface. The surface free energy was highest for the blend with equal PHB and PHBHx 
content and stated as reason for enhanced chondrocyte adhesion. An increase in elongation 
at break and a decrease in tensile strength with increasing PHBHx (87/13) content were 
reported for PHBHx/PHB blends [ 129]. 
Many more studies on PHAs as potential tissue engineering materials have been performed 
and the number is increasing. More detailed information can be obtained from [29,30,57, 
86 ,91 ,93 ,130-133] . 
1.4 Functionalized polyhydroxyalkanoates 
Reducing costs is an important priority for the mass production of polyhydroxyalkanoates 
to replace conventional plastics. However, further improvements to products are also nec-
essary to develop the required properties for specialized applications, for example in tissue 
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engineering as described above. Most common PHAs like PHB and PHBV are inert due to 
the alkylic nature of their side chains. However, it is desirable to have functionalized poly-
hydroxyalkanoates in order to tailor their thermo-mechanical properties or to make them 
amenable to chemical modification. The latter can be used to graft other polymers onto the 
PHAs or to modify the surface properties. 
1.4.1 Discovery 
Although Davis reported on the discovery of poly(3-hydroxybutyrate-co-3-hydroxybut-2-
enoate) from Nocardia sp. grown on n-butane in 1964 [134], the work of Lageveen et-
al. can be seen as the first tailored biosynthesis of PHAs with side chains other than alkyl 
groups [135]. In their experiments, Pseudomonas putida GPol (commonly known as Pseu-
domonas oleovorans ATCC 29347) grew on C6 to C12 n-alkanes and 1-alkenes and produced 
either medium-chain-length poly(3-hydroxyalkanoates) or poly(3-hydroxyalkanoates-co-3-
hydroxyalkenoates) corresponding to the substrates fed under nitrogen deficiency condi-
tions. The degradation of fatty acids via the /3-oxidation pathway and the polymerization of 
the degradation products to PHAs is characteristic of pseudomonads belonging to the rRNA 
homology group 1 [34,36]. It was reported that the copolymers produced always consisted 
of monomers with the same length as the fed substrate and of monomers shorter by one or 
two C2 units. It was concluded that the monomeric composition of the PHAs should be a 
reflection of the substrates supplied taking into consideration a partial C2 loss during poly-
merization. The same phenomena were observed when 1-alkenes were fed. However, the 
incorporation of these olefinic molecules appeared to be less efficient since no pure poly(3-
hydroxyalkenoates) but poly(3-hydroxyalkanoates-co-3-hydroxyalkenoates) were obtained. 
Lageveen and co-workers deduced that 1-alkenes were oxidized on both ends resulting in 
alkanoic and alkenoic acids. These results indicated the potential of pseudomonads for the 
tailor-made manufacturing of PHAs with desirable properties. 
1.4.2 Biosynthesis and production 
Only limited studies involving the accumulation of functionalized PHAs in bacteria other 
than Pseudomonas species have been reported. Polyhydroxyalkenoates were found in Chro-
mobacterium sp. [136-138], Rhodospirillum rubrum [139,140], andBurkholderia sp. DSMZ 
9243 [141,142]. It should be noted that this does not mean that other bacteria are not able 
to produce functionalized PHAs. However, since pseudomonads generate tailored PHAs at a 
high rate of productivity, many .researchers have focused on investigating the pathways and 
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Figure 1.4: Major pathways of mcl-PHA synthesis in pseudomonads. Reproduced with 
permission from [41]. 
PHA production possibilities of Pseudomonas species rather than looking for new potential 
microorganisms for the formation of functionalized PHAs. Three pathways are involved in 
the formation of mcl-PHAs (see Figure 1.4) [41,143]. Pseudomonads belonging to rRNA 
homology group 1 are able to metabolize alkanes, alkanols, alkanoates, and their olefinic 
analogs, respectively [135]. PHAs are formed via the fatty acid ^-oxidation cycle. P oleovo-
rans is the most common representative of this pathway in addition to other fluorescent 
species [144]. Except for P. oleovorans, all pseudomonads are also capable of producing 
mcl-PHAs from unrelated carbon sources like sugars and other carbohydrates [81,145]. 
Metabolism of unrelated substrates occurs either via chain elongation or de novo fatty acid 
synthesis. The last pathway is characteristic for P putida. More detailed information on the 
biosynthesis of PHAs in pseudomonads can be obtained from [34,36,41,81,145,146] . 
Reviewing the past literature on Pseudomonas species is somewhat confusing in terms of the 
terminology used. In 2001, Pseudomonas oleovorans ATCC 29347, by far the most studied 
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species for mcl-PHA production and a characteristic example for the fatty acid /3-oxidation 
pathway, was reclassified as Pseudomonas putida GPol. P putida strains form a second 
group of characterized species, which are representative of the de novo fatty acid synthesis 
pathway [147]. Van Beilen et al. reported that the 16S rRNA sequences of P. oleovorans 
ATCC 29347 was identical to that of P putida ATCC 17633, which had been deposited 
earlier [147]. Therefore, P oleovorans ATCC 29347 and i? putida GPol are synonymous. 
PHAs with functional groups, predominantly in the form of terminal double bonds within 
the side chains, have also been discovered in Pseudomonas sp. A33 [148,149], Pseudomonas 
cichoriiYN2 [150], Pseudomonas aeruginosa NCIB 40045 [151] ,44T1 [152] andPR3 [153], 
Pseudomonas corrugata [154], as well as in Pseudomonas citronellolis ATCC 13674 [155]. 
To date, microbiologically produced polyhydroxyalkanoate copolymers with the following 
side chain functionalities have been reported: alkylbranched [156,157], cycloalkyl [158], 
ester [159], aromatic [160-168], phenoxy [169-171], cyano [172,173], nitro [172,174], 
fluorine [175-177], chlorine [178], bromine [173 ,179 ,180] , alkine [181], oxo [182], 
acetoxy [159,182] , alkoxy [183], and epoxy [150,152,184] . However, the majority of 
these functionalized PHAs have only been generated in analytical amounts. 
Apart from the pioneer work [135], most recent publications dealing with functionalizing 
PHAs based on terminal double bonds in the side chains can be traced back to the work 
of Fritzsche et al [185], Kim et al. [186], and Bear et al. [184]. P putida GPol or similar 
J? oleovorans strains were used to produce poly(3-hydroxyoctanoate-co-3-hydroxyundec-10-
enoate)s (PHOUs) [92,187-198] . PHOUs also include monomer units other than 3HU(=) 
and 3HO since the C2 reduction reported by Lageveen et al. occurs during PHA formation 
[135]. The produced PHA is illustrated in Figure 1.5. However, the term PHOU became so 
established that the saturated monomeric units derived from octanoate are classified as "O" 
while the unsaturated monomeric units derived from 10-undecenoic acid are classified as 
"U". By supplying octanoate and 10-undecenoate as substrates to Pseudomonas oleovorans 
in batch mode, the degree of unsaturation was controlled from nearly 100 to 0% within the 
polymer while slightly increasing cell yield, PHOU yield, and PHOU content [92]. 
Limited studies have been performed to optimize the production process of functionalized 
PHAs. Batch and chemostat strategies were compared for the production of PHOUs [191]. 
As in earlier mcl-PHA production studies with P. putida [199,200] and in PHBV produc-
tion with Ralstonia eutropha [201], continuous culture was proposed to be the most suit-
able method for the production of PHOUs [191]. Cell yield in the chemostat experiments 
was slightly lower but, more importantly, continuous culture resulted in exactly defined 
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Figure 1.5: Structural formula of PHOU. 3HHx: 3-hydroxyhexanoate; 3HO: 3-
hydroxyoctanoate; 3HHp(=): 3-hydroxyhept-6-enoate; 3HN(=): 3-hydroxynon-8-enonate; 
3HU(=): 3-hydroxyundec-10-enoate. Kim et al. (1995) also reported saturated C5, C7, C9, 
CIO, and CI 1 units to be present. These are not included in the structural formula since 
they were only detected in trace amounts [186]. 
monomeric compositions at steady state compared to batch culture, in which the PHA pro-
duction depended on the growth stage of the cells. Hartmann et al. reported Tm and Tg 
of PHOUs to decrease with increasing unsaturated monomer content [191], confirming the 
findings of Park [92]. The glass transition temperature decreased from -33.1° C in PHO2 
to -49.3° C with purely unsaturated PHA derived from 10-undecenoate. The melting tem-
perature of PHO was 58.1° C compared to 39.9° C for PHOU (47/53) . PHOUs with an 
unsaturated portion higher than 53% were completely amorphous. It has yet to be demon-
strated whether this phenomenon occurs because of the increase in the average side chain 
length with increasing "U" fraction or whether it is due to the terminal double bonds. The 
effect of side chain elongation is known. Moreover, the double bonds had a distinct impact 
on the melting temperature without significantly affecting the glass transition temperature 
after comparing poly(3-hydroxypent-4-enoate) homopolyester produced by Burkholderia 
sp. to the fully saturated analogue poly(3-hydroxvalerate) [142]. This might explain the 
stronger temperature drop in Tm in comparison to Tg observed by Hartmann et al. [191]. 
The same research group could vary the thermal properties by introducing 5-phenylvalerate 
into PHOU [164]. 
Sun et al. performed a series of studies to optimize the production of mcl-PHAs by feeding 
alkanoic acids and glucose to Pseudomonas putida KT2440 [202-206]. In contrast to the 
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most common method of producing high yields of PHAs by employing a two-stage fed-batch 
fermentation with nitrogen or phosphorous limitation during the second stage, they found 
that carbon-limited, exponential feeding of nonanoic acid yielded in the best production 
of mcl-PHAs [204]. Furthermore, the PHA yield was increased by 30% when glucose was 
co-fed [203], The principle of exponential carbon feeding was then applied to obtain func-
tionalized PHAs bearing terminal double bonds by co-feeding nonanoic and 10-undecenoic 
acid [205], 
PHAs with non-terminal double bonds were produced by growing Pseudomonas putida 
IPT046 on carbohydrates [207]. As stated above, the incorporation of functional groups 
usually occurs from related substrates that are oxidized via the /3-oxidation pathway and 
not via de novo fatty acid synthesis from carbohydrates. 
1.4.3 Chemical synthesis 
Only stereo specific polyhydroxyalkanoates in R configuration are 100% biodegradable 
[208]. This characteristic hampers the chemical synthesis of fully biodegradable PHAs. 
The chemical production of PHAs generally occurs from the ring-opening polymerization of 
/3-lactones. Numerous attempts have been made to form optically pure PHAs using different 
catalysts that result in highly but not purely isotactic polyhydroxyalkanoates [11,209,210]. 
Recently, Kramer and Coates polymerized fluorinated /3-lactones to PHAs with halogenic 
functionalities [211]. According to their C-NMR analysis, these functionalized PHAs were 
perfectly isotactic. They also copolymerized fluorinated ^-lactones with /3-butyrolactone 
to obtain functionalized copolymers. PHAs with amine function were produced by devel-
oping a method to chemically synthesize PHAs with carboxylic or primary amine pendant 
groups [212], 
1.5 Modi f icat ions for property improvements 
For biomedical and tissue engineering applications a single type of polymer or copolymer 
is often insufficient to meet the needs of complex systems. The introduction of functional-
ities to PHAs is the first step in the process of converting them into candidates for specific 
applications. Consequently they can be further improved by modifying their chemical and 
physical properties. 
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1.5.1 Chemical modifications 
The majority of functionalities can only be introduced to PHAs in analytical amounts due 
to the toxicity of the substrates. The resulting low productivities and yields make mass pro-
duction impractical. While unique properties as a result of functional groups can increase 
the value of products, it is likely that this will be achieved by chemical modification of PHAs 
produced via fermentation. The principles of chemical modifications of PHAs and their re-
sults are presented here. Details regarding the chemistries behind these modifications can 
be obtained from [213] and [214] and references therein. 
Chlorination 
A good example for chemical modifications is the introduction of chlorine within PHA side 
chains. Doi and Abe obtained copolymers with 3-hydroxy-co-chloroalkanoate monomers 
after co-feeding 1-chlorooctane [178]. Arkin and co-workers used cheaper carbon sources 
to produce unsaturated PHAs and chemically chlorinated the obtained copolymers, leading 
to higher chlorination yields compared to Doi and Abe [187, 215]. However, this chem-
ical modification also led to hydrolysis of the PHAs and therefore molecular weight loss, 
which is a common problem encountered during chemical modification. Moreover, as in 
this example, modification by chemical means is often undesirable as hazardous reaction 
conditions may occur. While scl-PHAs are often too hard and brittle, some mcl-PHAs may 
be too soft and sticky for fine applications, especially if produced from certain inexpensive 
substrates. The substitution of terminal double bonds with chlorine led to an increase in 
melting temperature, glass transition temperature, and crystallinity [215]. These function-
alized PHAs were used as templates to obtain their corresponding sodium sulfate salts and 
quaternary ammonium salts [187]. Moreover, the chlorine could be substituted with ben-
zene to form copolymers with side chains bearing phenyl groups. This substitution reaction 
also led to crosslinking between polymeric side chains. 
Carboxylation 
Advantageous functionalities cannot always be introduced by biosynthesis. Polyhydrox-
yalkanoates bearing pendant carboxyl groups in their side chains are desirable polyesters 
since these functional groups are reactive and can easily be used as templates for grafting 
other molecules onto the initial polymer, e.g., bioactive molecules, peptides, and hydrophilic 
oligomers and polymers. Due to enhanced hydrophilicity, PHAs bearing pendant carboxyl 
groups are promising candidates for tissue engineering and biomedical applications such as 
in vivo drug delivery systems [214,216,217]. Biosynthesis of this kind of PHA has not been 
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successful to date, with the exception of p o l y - m a l i c acid) (20), due to toxicity of the di-
carboxylic acids supplied as substrates [218,219]. Although it may be possible to produce 
PHAs with ester groups, which can be subsequently transformed into carboxyl groups by 
esterases, an alternative means of obtaining this kind of polyester using artificial carboxyla-
tion has been reported [188,192,198]. The problem of high molecular weight loss during 
the carboxylation reaction was overcome [198]. A further issue is the poor mechanical 
properties exhibited by carboxylated PHAs [214]. To date only PHOUs have been used to 
produce PHAs with carboxyl functionality. The usefulness of terminal carboxyl groups as 
reactive intermediates was demonstrated by transforming them into their amide and ester 
derivatives [220]. PHOU was first coupled with 11-mercaptoundecanoic acid via radical 
addition to obtain side chains with thioether bonds and terminal carboxyl groups. These 
carboxyl groups were then transformed into PHOU amide and ester derivatives using tride-
cylamine or octadecanol, respectively. The resulting functionalized PHAs did not suffer from 
molecular weight loss and showed a very high degree of crystallinity as compared to PHOU. 
Polyhydroxyalkanoates with reactive carboxylic side groups were also studied as starting 
material for the preparation of co-grafted polymers (see below). 
Hydroxylation 
Several studies have been performed aimed at enhancing the hydrophilicity of PHAs by 
hydroxylation [193,221,222] . Lee et al. hydroxylated up to 60% of the unsaturated side 
chains of PHOUs (45% - 93% degree of unsaturation) using basic KMn04 without signif-
icant loss of molecular weight [193]. In contrast, complete conversion of double bonds 
into hydroxyl groups was achieved by applying the principle of hydroboration-oxidation to 
PHOUs (25% unsaturated side chains), albeit at the expense of the molecular weight [222]. 
Due to increased hydrophilicity, the hydroxylated copolymers were soluble in polar solvents 
such as ethanol and methanol. The hydroxylation of pure PHUs by hydroboration-oxidation 
led to a conversion yield of nearly 100% [221]. The resulting copolymers were highly re-
duced in molecular weight, however their hydrophilicity was increased to the extent that 
they were partially soluble in water. Independent of the chemical route applied, with in-
creasing conversion yield molecular weight was observed to decrease. Consequently there 
appears to be a trade-off between hydrophilicity and mechanical properties. Hydroxyl func-
tionalities can be useful following further chemical modifications [223]. Double bonds 
were transformed into thioether bonds via the radical addition of 11-mercaptoundecan-
l-ol. The resulting derivatives with hydroxy functionality (A) were then esterified with 
cinnamic acid to obtain aromatic functionality (B), sulfatized with C1S03H (C), or modified 
with tert-butyldimethylsilyl-protected coumaric acid (D). The latter derivative exhibited a 
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phenoxy group, which was furthermore sulfatized with C1S03H to form zosteric acid-labeled 
PHOU derivatives (E). In contrast to the other functionalized polymers and PHOU, deriva-
tives (C) and E) were soluble in methanol and dimethyl sulfoxide (DMSO) owing to the 
sulfuric function. The coupling of the hydroxyl group of (A) with tert-butyldimethylsilyl-
protected coumaric acid and the subsequent sulfatization resulted in a severe molecular 
weight loss. Zosteric acid-labeled PHAs were proposed as coatings to protect surfaces from 
biofouling [224]. 
Epoxidation 
Epoxy groups are of high interest because they are highly reactive under mild reaction con-
ditions and can, therefore, be easily transformed into polar and ionic groups [214]. Sim-
ilarly to the chemical modifications described above, PHAs bearing terminal double bonds 
can be used as original polymers to carry out epoxidation reactions. After the success-
ful epoxidation of poly(/3-malic acid) derivatives containing lateral double bonds [225], 
a series of PHOUs and poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxypent-4-
enoate) were deoxidized with m-chloroperbenzoic acid (MCPBA) at room temperature in 
CH2Cl2 [184]. The conversion yield was reported to be 100% and no molecular weight 
loss of the polymeric chain occurred due to the mild reaction conditions. Epoxidized PHAs 
were also produced by growing Pseudomonas putida GPol on different ratios of octanoic 
acid and 10-epoxyundecanoic acid. However the cell and PHA yields were low compared to 
the production of PHOU, indicating that production of polyhydroxyalkenoates followed by 
mild chemistry may be more appropriate in order to attain desired functionalities. Park and 
co-workers performed several studies to evaluate the production of epoxidized PHAs, their 
properties, and their potential for further modifications by crosslinking [195 ,226 ,227] . 
Using the same reaction conditions as described previously, partially epoxidized PHOUs 
were tested for their thermal properties. Melting temperature (Tm) decreased while glass 
transition temperature (Tg) increased with increasing epoxidation yield. Valentin et al. 
oxidized 45% of the double bonds of nearly pure poly(3-hydroxypent-4-enoate) to epoxy 
groups [142]. They reported the epoxidation with MCPBA to be stereochemical^ unspecific 
and confirmed the observation of a higher glass transition temperature as result, owing to 
increased intramolecular interactions. 
1.5.2 Curing 
As mentioned above, many functionalized PHAs often exhibit poor mechanical properties. 
Curing describes the toughening and hardening of polymers by crosslinking the polymeric 
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side chains. Crosslinking has been studied intensively to overcome the main weakness of 
mcl-PHAs. Crosslinked side chains can be induced naturally, chemically, and by radiation. 
Natural crosslinking 
Even though double bonds are not as reactive as other functional groups, they are vulner-
able to oxidation under ambient conditions. This process is called autoxidation. Schmid 
et al. studied the autoxidative behavior of mcl-PHAs [228]. They produced polymer films 
comprised of PHOUs with varying degrees of unsaturation by solvent casting. These PHOU 
films of 500 microns thickness were then stored at 60° C in the presence of air. The degree 
of autoxidation was monitored over a time period of 3 months. It was found out that PHOU 
alteration was highly dependent on the amount of double bonds. While PHOUs comprising 
less than 10% double bonds became degraded over time, the molecular weight of PHOUs 
with a high content of unsaturation (above 50%) started to increase after a short time pe-
riod. This increase suggests that autoxidation may occur first, followed by crosslinking of 
the side chains. The authors concluded that PHAs with a double bond content of more 
than 50% should be stored below -5° C in an inert gas to preserve the polymeric structure. 
The shelf-life of PHUs (100% unsaturation) was calculated to be 8 months under ambient 
conditions before the entire polymer is crosslinked to a macroscopic network. The complete 
crosslinking is called gelation. 
It is not surprising that natural crosslinking of functionalized PHAs occurs even faster if 
the polymeric side chains contain epoxy groups. The crosslinking upon exposure to air of 
unsaturated PHAs produced from linseed oil (PHA-L) was compared with their epoxidized 
derivatives [229]. The unsaturated PHA-Ls were comprised of even-numbered monomeric 
units up to C14, of which 51% contained lateral or terminal double bonds. Oxidation with 
MCPBA resulted in a 37% epoxidation yield. Natural crosslinking was accelerated as epoxi-
dized PHA-L films started to crosslink in less than 25 days while autoxidized PHA-Ls began 
to form a network between 50 and 75 days. In general, crosslinked PHA-Ls showed im-
proved mechanical properties as seen by increases in tensile strengths and Young's moduli. 
However, fully crosslinked PHA-L films originating from autoxidized PHA-Ls were described 
to be glassier than elastomeric. The fact that the mechanical properties of both crosslinked 
PHA-L types differed was explained by a difference in the crosslinking mechanism. 
Chemical crosslinking 
The process of crosslinking can be expedited using various chemical agents. Several perox-
ides with and without multifunctional co-agents were tested for their potential to crosslink 
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fully saturated poly(3-hydroxyoctanoate-co-3-hydroxyhexanoate-co-3-hydroxydecanoate) 
(PHOHxD) and PHOUs [189]. The peroxides were classified as vinyl and non-vinyl spe-
cific. As expected, the presence of double bonds improved the crosslinking of the polymeric 
side chains independently of the peroxide used. The non-vinyl specific peroxides, lauroyl 
and benzoyl peroxide, favorably catalyzed the crosslinking reaction with the help of ethy-
lene glycol dimethacrylate and triallyl cyanurate as co-agents. In contrast, the crosslink-
ing reaction was reduced when these co-agents were added to the vinyl specific peroxides 
dicumyl peroxide and 2,5-dimethyl-2,5-di(t-butyl peroxy) hexane (DBPH). The change in 
material properties was described to be positive regarding the reduction or elimination of 
crystallinity and improved elastic response defined as tensile set. However, both crosslinked 
PHOHxD and PHOUs exhibited a loss in tensile strength and tear resistance and in decreased 
tensile modulus. Gagnon et al. concluded that the molecular weights of the PHAs used were 
too low with below 200 000 g/mol and proposed that molecular weights of between 200 
000 to 500 000 g/mol should be more appropriate for peroxide crosslinking. The same 
research group applied sulfur vulcanization to different PHOUs to overcome the disadvan-
tages of peroxides as crosslinking agents [190]. While sulfur vulcanization resulted in the 
same property improvements as caused by peroxide crosslinking, the negative impact on 
the mechanical properties was reported to be less severe when sulfur or dipentamethylene 
thiuram tetra/hexa sulfide (DPTT) was applied as vulcanization agents. "Nevertheless, the 
resulting crosslinked PHOUs also exhibited a decrease in tensile strength, tensile modulus, 
and tear resistance. Hexamethylene diamine (HMDA) was employed to crosslink epoxidized 
PHOUs [230]. Each of the amino groups in HMDA was coupled with two epoxy groups of 
the polymeric side chains to form tertiary amino and two secondary hydroxyl groups. With 
this approach a degree of almost 100% crosslinking was obtained. The crosslinking re-
action was accelerated with increasing content of epoxy groups, resulting in increased Tg 
and relative storage moduli. In another investigation, succinic anhydride and 2-ethyl-4-
methylimidazole were used as initiator to chemically crosslink epoxidized PHOUs [226]. 
The resulting PHA gels contained diester crosslinks and exhibited very similar property im-
provements [230]. 
Physical crosslinking 
A major drawback of chemical stimulation of natural processes is the regular presence of 
environmentally hazardous agents and additives. Residual chemicals may remain attached 
to polymers and therefore affect biodegradability and biocompatibility. Even if they can 
be removed, the chemical groups providing the crosslinks may also have a negative impact 
on the biological properties. An alternative means of accelerating natural or chemically in-
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duced crosslinking is by applying external energy in the form of irradiation. The first report 
on physical crosslinking was published by de Koning et al. [231]. They applied electron 
beam (EB) radiation to PHAs with 0, 4, and 15% unsaturation at different doses. While 
the saturated PHAs showed no gelation but only degradation of their polymeric chains, the 
PHAs with 4 mol% and 15 mol% double bonds in their side chains showed 88 wt% and, 
respectively, 93 wt% gel fractions. Crosslinking PHAs with a high content of double bonds 
resulted in non-crystallizable polymers. The dynamic modulus and Tg could be elevated 
by increasing the radiation dose from 30 to 500 kGy. These properties were attributed to 
higher crosslink densities resulting from increased energy exposure. The polymers were de-
scribed as true rubbers with constant properties over the temperature range from Tg (less 
than -15° C) to the thermal degradation temperature (170° C). Moreover, the crosslinked 
PHAs could be degraded by P fluorescens GK 13. 
The potential of /-irradiation was investigated to crosslink PHAs produced from tallow 
(PHA-tal) using P resinovorans NRRL B-2649 [232]. Due to the high content of oleic acid in 
tallow, PHA-tal exhibited 11% unsaturation. The double bonds were found in C12 and C14 
monomeric units of the polymer. PHA films were prepared by solvent casting. The poly-
meric side chains were successfully crosslinked forming partly insoluble gels in chloroform. 
Increasing the radiation dose from 25 to 50 kGy supported gelation as well. As opposed 
to reports where PHAs classified as either "crosslinkable" or "degradable" when exposed 
to the same conditions, Ashby et al. pointed out that crosslinking and degradation of the 
polymeric chains usually co-exist during the process of ionizing radiation. They observed 
a severe loss in molecular weight when comparing irradiated with untreated PHA-tal films. 
The gelation of PHA-tal was enhanced by adding 10% (w/w) linseed oil, which is known 
for its natural polymerization under ambient conditions. However, completely crosslinked 
films were not produced despite the high level of double bonds attributed to the presence 
of highly unsaturated linseed oil. Despite this effect, linseed oil reduced the rate of chain 
scission upon /-irradiation. Compared to PHA-tal, the irradiated films showed increased 
Young's modulus and tensile strength, making the polymers stronger and more rigid. The 
thermal properties were not affected by irradiation or addition of linseed oil. Comparing 
the thermo-mechanical properties of treated and untreated films, it was concluded that lin-
seed oil rather functions as a plasticizer instead of being crosslinked with the polymeric side 
chains. As opposed to de Koning et al. [231], Ashby and colleagues described their PHA-tal 
gels to be partly biodegradable based on growth experiments of P resinovorans NRRL B-
2649 on crosslinked and untreated PHA-tal films. The biodegradation of irradiated linseed 
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oil PHA-tal films was enhanced most likely due to the parallel degradation of the linseed oil 
by lipases. 
Poly(3-hydroxypent-4-enoate) homopolymer was exposed to UV-irradiation to form crosslinks 
between the polymeric side chains [142]. Double bonds in Fourier transform infrared spec-
troscopy (FTIR) spectra were hardly detectable after treatment. However this method of op-
timizing the crosslinking process was not viable as increased brittleness of the treated PHA 
films was observed. The crosslinking behavior of PHAs produced from soybean oil (PHA-
soybean) by P oleovorans was subject of another study [233]. PHA-soybean films with a 
degree of 10% unsaturation were exposed to UV-irradiation in the presence of the chemical 
crosslinking inducers benzophenon, benzoyl peroxide and/or ethylene glycol dimethacry-
late (EGDM). With 81 to 89 wt%, the crosslinking yields were slightly lower compared to 
the 93 wt% crosslinking yield of PHA-soybean when no chemical inducer had been added. 
However, the time to reach gelation was reduced from 2.4 to 1 day in the presence of ben-
zoyl peroxide and EGDM. Despite the positive impact of UV-irradiation on the crosslinking 
rate, formation of the macroscopic network was even faster (0.1 days) when PHA-soybean 
films were exposed to daylight at 60° C. The glass transition temperature of the irradiated 
films was increased by 15° C to 30° C. UV-irradiation was applied to PHA films and re-
sulted in the discovery that initiators had to "be added to film casting solutions to obtain 
high degrees of crosslinking [234]. Analysis of a number of photoinitiators revealed that 
diphenyl(2,4,6-trimethylbenzoylphosphane oxide) (TPO) was the most effective agent as, 
after 10 seconds of irradiation in the presence of 3 wt% TPO, a gel fraction of approximately 
95% was obtained. While no melting endotherm was observed in the differential scanning 
calorimetry (DSC) chromatogram, the glass transition temperature increased from -51° C 
to -46° C. Successful treatment of the irradiated PHU films with an aqueous depolymerase 
solution indicated they were biodegradable. 
Dufresne et al investigated ^-irradiation at different doses for the crosslinking of PHOUs, 
particularly those with 33 mol% vinyl groups [235]. Irradiation in air resulted in an in-
creased gel fraction and molecular weight loss, which was correlated to an increasing ra-
diation dose. The crosslinking yield could be significantly increased when the PHOU films 
were exposed to y-rays in the presence of pure nitrogen. The lowest radiation dose of 
20 kGy was sufficient to obtain nearly completely insoluble PHOU gels indicating optimal 
crosslinking. Swelling measurements and subsequent calculations of the molecular weight 
between crosslinks confirmed the advantage of nitrogen over air. Despite optimal crosslink-
ing, Dufresne et al. described the polymeric gels as imperfect, elastically reversible material, 
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because crystallinity could not be completely removed. The melt and glass transition tem-
peratures were hardly affected by /-irradiation, however the irradiated samples did not 
degrade as much indicating a gain in stability of the material. 
Bassas et al. compared the naturally and UV-induced crosslinking reactions of polyunsat-
urated (36.5%) PHA-Ls obtained from cultures of P. aeruginosa 42A2 [236]. They used 
the degree of unsaturation, before and after crosslinking, to determine the level of gela-
tion. Autoxidation and UV-irradiation resulted in a decrease of unsaturated monomers so 
that the formerly viscous and tacky biopolymers were described to have become smooth, 
less sticky, and rubber-like. Moreover, they were not soluble in organic solvents, although 
the melting temperature remained unchanged while Tg was slightly increased. It was con-
cluded that natural aging (6 months) under light exposure was sufficient to convert the 
sticky polyunsaturated PHAs into smooth films. This process could be significantly acceler-
ated (less than 24 hours) with UV treatment, however the radicals that were responsible 
for the crosslink formation may have also promoted the scission of the polymeric chains. 
In a subsequent study, the PHA-Ls previously described and their UV-crosslinked analogues 
were investigated at a microscopic level [237]. Transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) analysis showed that crosslinked PHA-Ls exhibited a 
reticular structure. AFM furthermore revealed that crosslinks between polymeric chains 
were responsible for the curing of the material. 
1.5.3 Surface modifications 
The application spectrum of natural PHAs as tissue engineering materials is very limited, 
owing to their hydrophobic character. Ideally, biopolymeric scaffolds for tissue regeneration 
should exhibit a certain degree of hydrophilicity to promote cell attachment. Moreover, as 
discussed above, the introduction of hydrophilic groups along the polymeric chains may 
weaken the bulk properties of PHAs. It may therefore be desirable to only modify the poly-
meric surface. As presented below, biopolyesters do not need to exhibit initial functional 
groups for surface treatment. 
Plasma modification ^ 
The introduction of functional groups to PHAs can be achieved by plasma treatment. Plasma 
is a partially ionized gas that contains a high portion of ions and electrons serving as charge 
carriers. The ionization is induced by applying external energy, commonly in the form of 
electrostatic or electromagnetic fields, to the gas in a plasma reactor. Plasma formation is 
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promoted by keeping the pressure low in the plasma chamber. The radical gas molecules 
attack any material that is also present in the plasma reactor. The resulting "damage" 
may subsequently induce desirable changes to the surface morphology. This technique can 
therefore be used to improve the surface properties of polymers including polyhydroxyalka-
noates. In contrast to increasing the hydrophilicity of the entire polymer by substituting 
vinyl with polar groups, plasma modification or plasma polymerization can be used to in-
troduce hydrophilic groups to the surface only. As a result, the hydrophobic core remains 
intact and serves as mechanical support while the surface exhibits increased wettability, 
subsequently becoming attractive for cell ingrowth. 
The most common method to determine the wettability of a material is the measurement of 
the contact angle at the polymer/liquid interphase. However, the result of any static con-
tact angle jneasurement does not necessarily allow for a solid conclusion about hydrophilic-
ity/hydrophobicity and, therefore, about potential cell response and protein adsorption. 
This is due to the phenomenon of contact angle hysteresis [238]. Liquid drops on a surface 
undergo a shape and volume transition without a change in interfacial area. Consequently, 
the contact angle changes but the wetted surface area remains the same. Thus, contact 
angle measurements should be performed in dynamic fashion to account for the angle hys-
teresis phenomenon. 
Plasma polymerization was used to deposit thin fluorocarbon coatings of 100 to 400 nm 
thickness on PHB membranes [239]. Argon acted as carrier gas for the plasma treatment 
of PHB with perfluorohexane (PFH) and hydrogen. The fluorocarbon coatings provided 
PHB with a smooth surface that did not reduce the biocompatibility properties. In addition, 
blood clotting tests revealed that coatings of 200 nm and. more thickness increased blood 
clotting time due to reduced surface energy from 50 to below 15 mN/m. Mas et al. inves-
tigated the change in surface properties by exposing PHBV to different plasmas. Oxygen 
plasma was used to increase surface energy [240,241]. The formation of oxygen radicals 
resulted in the incorporation of oxygen in the form of carbonyl, carboxyl, and ester groups 
in the outer layers of the PHBV films. The total oxygen content was increased by 12-13%. 
As expected, the wettability decreased over time as the contact angle of water continuously 
increased from 40° after the first day of plasma treatment to a stable 62° value after 70 
days. This was lower than the 70° contact angle value obtained for untreated samples. 
Therefore, oxygen plasma treatment of PHBV films resulted in a very moderate increase 
in hydrophilicity given that dynamic contact angle was not measured. Chain cleavage re-
sulting in a molecular weight loss and a decrease in Tg was also reported. An additional 
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study was performed to compare the altered surface properties generated by plasma treat-
ing PHBV films with Ar, 0 2 , H 20, H 2 0 / 0 2 , and H 2 0 2 [241]. With the exception of argon, a 
treatment of 5 min or less at either 45 or 75 W was sufficient to reduce the contact angle by 
30° or more. The exposure to argon (in this study used as plasma and not as a carrier gas), 
had to be adjusted to 30 min at 75 W to obtain a similar increase in wettability. The low-
est contact angles were achieved with H 2 0 / 0 2 (0H2o = 37°) and H 2 0 2 (@H202 — 38°). As 
observed with oxygen, all treated samples exhibited a loss in wettability over time, without 
returning to their hydrophobic state before treatment. The improved wettabilities caused 
by the treatment with H 2 0 and H 2 0 2 containing plasmas were explained by the likely for-
mation of OH radicals leading to hydroxyl groups on the surface. The exposure to argon or 
oxygen plasma resulted predominantly in the introduction of carbonyl groups to the PHBV 
surfaces. A direct correlation between the power applied and the wettability obtained for 
PHBV films after exposure to oxygen plasma was reported [242]. The more power that was 
applied and the longer the plasma treatment, the higher the amount of oxygen that was 
measured on the surface, resulting in increased hydrophilicity. The treated PHBV films did 
not absorb significantly more water because the plasma treatment attacked the surface of 
the polymers only. 
The radical grafting of amide and imino groups onto PHA surfaces was demonstrated by 
exposing PHBV films to allylamine low-pressure plasma [243]. Besides the incorporation 
of C and N, additional O was detected on the surface by X-ray photoelectron spectroscopy 
(XPS). In addition to the possibility of residual oxygen in the plasma reactor, two more 
explanations were proposed. First, the degradation of the superficial layer during plasma 
treatment may have led to volatized oxygen containing fragments, which recombined with 
the polymer surface. Second and more significantly, even after plasma polymerization, the 
surface of the film remained active so atmospheric oxygen and vaporized water were incor-
porated through radicalization. The high oxygen content could be reduced by pretreating 
the PHBV films with argon. The biocompatibility of PHBV was reported to be unchanged 
after the allylamine plasma polymerization. Nitschke et al used ammonia for low-pressure 
plasma treatment of PHB [97]. The nitrogen content of the surface increased nearly pro-
portionally with increasing treatment time. The nitrogen was incorporated in the form of 
amide and amino groups. The contact angle decreased with increasing treatment. The hy-
drophilicity remained stable over the aging period of 6 weeks in the presence of air. The 
value of amino groups was demonstrated by covalently linking 4-trifluoromethyl benzalde-
hyde (TFBA) to the PHB films. Even though this reaction was designed to create a marker 
for the detection of amino groups by XPS, it showed that ammonia plasma treatment led 
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to true functionalization of the surface of PHB. Amino groups can easily be used to bind 
biomacromolecules like peptides. Keen et al. introduced nitrogen functionalities to PHBV 
surfaces by ammonia plasma treatment and ethylenediamine aminolysis (ED) [244]. In 
addition to amide and amino groups, evidence for imide groups was found in the XPS spec-
tra of the treated samples. A treatment time of 5 or 10 s was sufficient to obtain optimal 
incorporation of desirable amino groups. Longer treatments resulted in higher nitrogen 
content without further increasing the proportion of amino groups. The plasma power did 
not affect the functionalization yield within the range of 2.5 to 20 W. In contrast, plasma 
power correlated to the wettability of the treated samples. As opposed to Nitschke and 
colleagues [97], Keen et al. described the wettability to be reversible within a short time 
period when exposed to air [244]. However, the hydrophilicity could be regained by soak-
ing the treated PHBV films in water. It was proposed that only the outermost molecular 
layer contained hydrophilic groups, which were buried in the presence of air. It should be 
noted that ammonia plasmas are unstable, however, they can be stabilized by adding an 
inert gas like argon to the plasma environment [245]. Ethylenediamine aminolysis was 
reported to be disadvantageous compared to ammonia plasma treatment. PHBV films were 
treated with ethylenediamine in basic aqueous solution (pH 10) under constant stirring for 
various times up to 2 hours. Prior to subsequent material analysis, all samples were washed 
and vacuum-dried. Compared to plasma-treated films, fewer amino groups were found on 
ED-treated films. Moreover, crystallinity of ED-treated films increased over the time period 
of 3 weeks and also suffered from degradation during aging. 
Oxygen and nitrogen plasma treatment were applied to PHBV films [246]. The character-
ization of the surface properties was performed by water contact angle measurements and 
X-ray photoelectron spectroscopy. The wettability of the PHBV surface was improved as the 
water contact angle was reduced after plasma treatment. C-0 and C-C bonds were found to 
be broken on the film surfaces. However, oxygen treatment led to the formation of carboxyl 
groups while exposure to nitrogen plasma resulted in nitrogen-enriched surfaces in the form 
of C-N, C=N, and amide bonds. The modified PHBV films were tested for adhesion of dog 
bone marrow stromal cells. In both cases, cell attachment was improved compared to cell 
adhesion on pure PHBV There was no obvious difference in cell growth between nitrogen-
and oxygen-treated PHAs. Therefore, both methods were suggested for the use of PHBV in 
tissue engineering [246]. 
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Photografting 
Grondahl et al. functionalized the surfaces of solvent-casted and melt-processed PHBV films 
by /-ray-induced grafting of acrylic acid [247]. The biopolymers were soaked in methanol 
containing different concentrations of acrylic acid and then irradiated under nitrogen with 
doses ranging from 2 to 9 kGy. The presence of carboxylic groups on the surfaces, resulting 
from the successful photografting of acrylic acid, was demonstrated by binding pentafluo-
rophenol to the reactive groups and by the uptake rate of toluidine blue, which functioned 
as a dyeing agent. While the radiation dose did not influence the functionalization yield of 
the melt-processed films, higher radiation doses favored the grafting reaction on solvent-
casted PHBV surfaces. The density of the reactive functional groups could be controlled 
by the acrylic acid concentration in the UV radiation solution. The usefulness of polymer 
surfaces bearing carboxylic groups was demonstrated by immobilizing glycosamine on the 
PHBV polymers. Ke et al. photografted acrylamide onto PHBV using benzophenone as 
photoinitiator [248]. Acetone was employed as a solvent for the 24 h photoinitiating step 
before the dried PHBV films were soaked in an aqueous acrylamide solution for the radiation 
treatment. Residual acrylamide, polyacrylamide (PAM), and benzophenone were washed 
by Soxhlet extraction in acetone and rinsed in water. It was observed that both acrylamide 
concentration and irradiation time controlled grafting percentage (GP) and grafting effi-
ciency (GE). The surface morphology changed notably as it became rougher with increasing 
GE The increased number of acrylamide molecules and PAM did not only influence surface 
morphology. Attenuated total reflectance (ATR) and dispersive X-ray spectrometer (EDX) 
analysis revealed that radical PAM chains penetrated the polymers and even occurred on 
the other side of the PHBV films, forming a physical semi-interpenetrating network. Sheep 
bone marrow stromal cell studies showed that photografted PHBV films exhibited improved 
cell adhesion and cell compatibility. In a subsequent study, these grafted films were investi-
gated for their wettability and crystallization behaviors [249]. The water contact angle of 
PAM-grafted PHBV decreased to a minimum of 60° from an initial 90°. There was a direct 
correlation between GP and wettability. The crystallinity of the photografted PHBV films 
decreased with increasing GI> which promoted the diffusion of water into the polymeric 
structure. 
Rasal et al used a two-step photografting approach to tag the surface of PHBHx and PLA 
films with hydrophilic groups [250]. In the first step, the polymeric films were dip-coated 
in a 5% (w/w) benzophenone solution in ethanol and irradiated with UV light after of 
ethanol had been removed by evaporation. After 5 min of radiation time, the treated films 
were sonicated in ethanol to remove residual benzophenone. During the second step, the 
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benzophenone-grafted films were exposed to several hours of UV radiation in the presence 
of acrylamide and acrylic acid dissolved at 10% (w/w) in either ethanol or water. The 
twofold photografted polymers were again freed from residual non-grafted molecules by 
sonication. The contact angles were strongly reduced upon the introduction of acrylamide 
to the surface. PHBHx films exhibited a contact angle of 23° after photopolymerization in 
ethanol and 28° after the water-supported treatment. The contact angles on PLA films were 
decreased to 12° and 17°, respectively. While the choice of the photografted group affected 
the surface properties, the solvent employed for the second step impacted strongly on the 
bulk properties. When ethanol was used as a solvent for the second photografting step, 
acrylamide penetration into the bulk was observed. The surface-treated PHA and PLA films 
showed a significant loss in toughness and a gain in storage modulus, resulting in stiffer 
materials. This trend was not as severe when water was used as a solvent for carrying out 
the photopolymerization of acrylamide and acrylic acid on the surface of PLA and PHBHx. 
Surface polymerization for improved cell adhesion 
The grafting of acrylamide onto PHBV films was induced using benzoyl peroxide (Bz202) 
[251]. The reaction was carried out in water at 70° C under a nitrogen atmosphere. After 
precipitating the grafted polymer into methanol, it was washed in boiling water to remove 
any residuals. The graft percentage was significantly increased with increasing initiator and 
acrylamide concentrations. As a result, the polymeric films exhibited more polyacrylamide 
chains on the surface and became thicker. It was observed that radical graft polymeriza-
tion did not only occur on the surface of the PHBV films. The swelling behavior of treated 
films in different solvent mixtures indicated that the polymers underwent a volume tran-
sition. Tesema et al. treated PHBV films with ozone to generate polar functional groups 
on the surface [252]. The polymers were purged with ozone for 1 to 3 hours and the re-
sulting peroxide groups were detected spectrophotometrically by the iodide method. The 
activated PHBV films were subsequently grafted with methacrylic acid (MAA) to obtain car-
boxylic groups that were used to chemically immobilize type I collagen on the film surfaces. 
Physically immobilized collagen was removed by sonication in deionized water. Peroxide 
formation during the ozone treatment was controlled by the treatment time and the con-
centration of ozone with which the films were purged. As expected, an increasing weight 
percentage of MAA monomers resulted in a higher carboxylic group concentration on the 
surface. Each of the modification steps carried out resulted in a decrease of the contact 
angle (from 59° to 33°). In contrast, mean roughness peaked after ozonolysis before MAA 
grafting and collagen binding smoothed the surfaces. Untreated PHBV films, on which col-
lagen had been physically immobilized, showed very similar values for contact angle and 
1.5. MODIFICATIONS FOR PROPERTY IMPROVEMENTS 41 
mean roughness. UMR-106 and MC3T3-E1 cell adhesion and proliferation tests revealed 
that collagen chemically immobilized PHBV films were the better material for supporting 
bone cell growth compared to collagen physically immobilized and untreated PHBV films. 
Yang et al [253] and Zhao et al [254] exposed films made of PHB, PHBHx, PHBHx/PHB 
blends, and PLA to NaOH and lipase treatment. In both cases, hydrolysis of the ester bonds 
was expected to lead to free hydroxy groups. The attachment of mouse fibroblasts L929 was 
tested in vitro to check for changes caused by the surface treatment. Biocompatibility was 
improved in every case, however the positive effect decreased with increasing PHBHx con-
tent within the blend. The authors held the lower degree of crystallization responsible for 
a weaker lipase attack on the ester bonds. FTIR and scanning electron microscopy (SEM) 
analysis showed that lipase treatment also led to a change in surface morphology. According 
to Yang et al, a reduced pore size promoted the adhesion of mouse fibroblasts [253]. The 
effect of NaOH treatment was weaker compared to the one elicited by lipases [253,254]. 
Similar results were achieved by Zhao and colleagues [127]. In a subsequent investigation, 
the biocompatibility of PHB and PHBHx lipase-treated scaffolds were compared to ones 
coated by hydrophilic hyaluronic acid (HA) [255]. The assumption that a scaffold with the 
highest hydrophilic surface would lead to the best adhesion of mouse fibroblasts L929 was 
not confirmed. HA coating resulted in reduced cell growth. The authors therefore proposed 
that an optimal matrix surface would exhibit a combination of hydrophilic and hydropho-
bic area, instead of being completely hydrophilic. Moreover, this combination might vary 
from cell type to cell type. Surface hydrolysis was applied to PHBHx films to introduce 
desirable functionalities to the surface [256]. PHBHx films were soaked in 1M NaOH for 
30, 60, or 90 min and extensively washed with deionized water. This surface etching led 
to the incorporation of hydroxyl and carboxyl groups. As a result, surface energy, and 
consequently wettability, increased, Moreover, the surface became rougher and, therefore, 
larger in size. The change in surface morphology of the PHBHx films resulted in an im-
proved cell response owing to the introduced polarity and roughness. The adsorption of 
fibronectin was reported to be much higher than on unmodified films, while the attachment 
and proliferation of MC3T3-E1 cells was also significantly greater. A comparative study was 
performed, in which PHB and PHB4B were treated with NaOH solution as well as with NH3 
and H20 plasma to improve the surface hydrophilicity of the polymers [257]. The decrease 
in water contact angles was very similar on all treated PHA samples. Ammonia plasma 
treatment and ester hydrolysis due to NaOH resulted in a decrease of approximately 10°. 
When water was used as plasma, the contact angle was reduced from 80.9° to 60.3° (PHB) 
and from 79.3° to 62.5° (PHB4B), respectively. Electrokinetic measurements confirmed the 
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presence of carboxylic groups on the surfaces of NaOH and H 2 0 plasma-treated PHA films. 
In contrast, the isoelectric point was increased after the treatment with ammonia plasma, 
indicating the presence of alkalic amine functions. Fibronectin heteroexchange and cell ad-
hesion were enhanced compared to untreated films and correlated with the physicochemical 
characteristics of the modified films. 
Carboxyl ion implantation led to wettability improvement of PHB and PHBHx by caus-
ing surface destruction and formation of an amorphous carbon phase [258]. Chen et al. 
implanted C+ ions into PHB, PHBY and PHBHx films [259]. Biocompatibility was eval-
uated by seeding mouse fibroblasts 3T6 onto the implanted films. Cell attachment was 
improved after creating a newly formed hydrogenated carboneous layer on the surface. A 
high-energy ion-implantation machine was used to introduce hydroxyl ions to the surface 
of PHB films [260]. Surface wettability was only slightly improved, however the bioactivity 
of treated PHB films was reported to be enhanced. Another way of introducing hydrophilic-
ity to PHBV was achieved by fabricating PHBV/wollastonite composite scaffolds [261,262]. 
The evaluation of their bioactivity in simulated body fluid (SBF) led to the discovery that, af-
ter 14 days, the blended biomaterial had promoted the formation of a hydroxyapatite on the 
scaffold surface. Hydrophilicity increased with increasing wollastonite portion. Moreover, 
the calcium inosilicate mineral could neutralize acidic by-products that were generated dur-
ing the soaking process in SBF by releasing Ca + + and SI+ + ions and forming basic hydrates. 
This composite material could therefore be useful for bone tissue regeneration. 
1.5.4 Other modifications 
Inorganic-organic hybrid polymers were produced by covalently attaching polyhedral 
oligomeric silsesquioxanes (POSS) to PHOUs via a free radical addition reaction to the vinyl 
groups of the polymeric side chains [263]. POSS chemicals were reported to result in prop-
erty improvements when combined with polymeric materials, such as temperature and oxi-
dation resistances [264] in addition to surface hardening and reduced flammability [265]. 
The covalent linking was carried out by mixing mercaptopropyl-isobutyl-POSS (POSS-SH) 
and 2,2'-azoisobutyronitrile with PHOU (unsaturation degrees from 11.5 to 97%) in toluene 
under argon. The transformation of the double bonds to form PHOU-POSS derivatives re-
sulted in conversion yields between 67.9 and 91.2%. All POSS-functionalized PHAs exhib-
ited more heat stability as Tm and Tg were increased. The undesirable stickiness observed 
was successfully eliminated. The PHOUs underwent a change in crystallization behavior, 
resulting in a non-crystalline matrix for crystalline POSS. 
1.6. CONCLUSIONS 43 
Polyhydroxyalkanoates are of significant interest for biomedical applications due to their 
biodegradability and biocompatibility properties [29 ,30 ,57 ,266 ,267] . Even though they 
may not be able to fulfill a desired task directly, they may contribute to do so as part of 
a composite material as indicated above. Further blending, grafting and copolymerization 
techniques as well as potential applications of resulting composite materials have been re-
viewed elsewhere [24,30,267-270] . 
1.6 Conclusions 
Since the rediscovery of polyhydroxyalkanoates during the 1960's, the interest of re-
searchers has increased to activate these bacterial storage compounds for human needs. 
For a long time, PHAs were believed to be inert and to exhibit poor thermo-mechanical 
properties, limiting their application spectrum. This changed drastically with the iden-
tification of bacteria, which are able to produce PHAs comprising medium-chain-length 
monomeric units (longer than C5). The possibility of tailoring their thermo-mechanical 
properties opened a new sub-area of research. Consequently, the potential to tailor the 
chemical structures by adjusting the feeding strategies created opportunities for biosynthet-
ically introducing functional groups to PHAs. By the mid 1990's, the use of bacteriologically 
produced polyesters had changed from bioplastics with a limited application potential to-
wards highly modifiable biomaterials with an increasingly diverse range of applications. 
The term functionalized polyhydroxyalkanoates was created. 
Polyhydroxyalkanoates are currently strong candidates to play an important role in the de-
velopment of second and third generation biomaterials, particularly in the field of tissue 
engineering. The natural production and degradation cycle of PHAs highlight their adapt-
ability to living tissue. A number of modification techniques have been successfully applied 
to improve their thermo-mechanical and surface properties. Even though a large variety 
of functionalized PHAs have been biologically produced so far, many researchers agree 
that the production of polyhydroxyalkanoates bearing double bonds followed by chemi-
cal and/or physical modification is the more promising route to enhance the application 
possibilities of PHAs. Nevertheless, biopolyester activation within microbial cells offers a 
significant advantage over other biomaterials. 
The fact that PHAs can be used to produce materials for fine applications, which cannot be 
derived from petroleum, justifies their high production costs. In addition, due to the cost 
of fossil fuels and the increasing awareness of the consumer towards the environment, it 
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is anticipated that the commercialization of polyhydroxyalkanoates as commodity plastics 
will continue to accelerate. 
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CHAPTER 2 
Design of Suitable Functionalized PHAs 
Poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 
are the most well characterized PHAs. While PHB and PHBV exhibit superior biodegrad-
ability and biocompatibility properties compared to synthetic polymers, the range of appli-
cations for these biopolyesters is limited due to their poor thermo-mechanical properties. 
The short-chain-length (scl, 4 < C < 5) of the monomeric units results in stereo-regularity 
of the isotactic polymeric chain configuration. Consequently, scl-PHAs exhibit a high de-
gree of crystallinity and are brittle and stiff. The introduction of medium-chain-length 
3-hydroxyalkanoate units (mcl-3HA, 6 < C < 14) into the structure leads to improved 
thermo-mechanical properties such as a decrease in melting temperature, glass transition 
temperature, and degree of crystallinity (Table 1.1). However, it is important to determine 
the optimal monomeric composition for different applications, since arbitrary side chain 
elongation does not necessarily lead to improved biomaterial properties. Desirable PHAs 
exhibit the following properties: 
• Semi-crystalline consistency; 
• Melting temperature: 160°C > Tm > 125°C; 
• Glass transition temperature: Tg < 0°C; 
• Molecular weight: MW > 100 kDa. 
Processing of these materials is difficult as the melting temperature (Tm) of highly crys-
talline PHB and PHBV is close to the reported thermal decomposition temperature (above 
170°C) [178]. In general, decreasing Tm results in improved processibility but it can lead 
to a loss of crystallinity. Another important consideration is that biomaterials for biomedi-
cal applications should be able to be sterilized without any adverse effects. Autoclaving at 
121°C is the most common means of sterilization in medicine. Since the polymer must be 
stable under these conditions, its melting temperature should be above 121°C. In addition, 
its Tm should not be close to the thermal decomposition temperature of the polymer. There-
fore, the melting temperature should preferably be in the range of 125°C to 160°C. The 
glass transition temperature of the PHA should also be at 0°C or below to assure sufficient 
elasticity, flexibility, and softness within the range of temperatures at which the PHA has to 
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function. High molecular weights (MW) are desirable to avoid limiting the application spec-
trum. In addition, molecular weight loss has to be considered during polymer processing. 
The minimal MW of the PHA produced should therefore be 100 kDa. 
Although scl-PHAs and mcl-PHAs do not exhibit all of these desired thermo-mechanical 
properties, individual deficiencies can be overcome by combining scl-3HA and mcl-3HA 
units to form scl/mcl-PHAs. This was first applied by the Proctor & Gamble Company (P&G) 
which patented a family of poly(3HB-co-mcl-3HA) copolymers known as Nodax1 which are 
currently under process development for the production on a commercial scale. Figure 2.1 
illustrates the improved thermo-mechanical properties of scl/mcl-PHAs compared to PHB 
and PHBV as discussed in Section 1.2.3. One disadvantage of scl/mcl-PHAs is the lack of 
functionalities. The introduction of side chains bearing functional groups may be used to 
tailor thermo-mechanical properties or to improve polymer stability by crosslinking (Section 
1.5.2). The main advantage of functionalized PHAs is their accessibility to chemical mod-
ifications, resulting in novel co-grafted composite materials. Previous research has shown 
that there is a wide variety of functional groups that can be introduced into PHAs (Section 
1.4). To date, the majority of these functionalized PHAs have only been produced in an-
alytical quantities due to substrate toxicity or low substrate affinity of the microbial PHA 
synthases. Since the primary aim of this project was to produce quantities of functional-
ized polyhydroxyalkanoates that would allow for material characterization, the fermenta-
tion process was adapted to incorporate terminal double bonds in the side chains. This 
has been performed successfully in the past as discussed previously (Chapter 1). However, 
the resulting polyhydroxyalkenoates were almost exclusively mcl-PHAs, an exception be-
ing poly(3-hydroxypent-4-enoate), the unsaturated analogue to poly(3-hydroxyvalerate), 
which was obtained by Valentin et al. using Burkholderia sp. DSM 9243 [142]. 
The functionalized polyhydroxyalkanoates designed during the course of this project 
are made of saturated short-chain-length and of unsaturated medium-chain-length 3-
hydroxyalkanoate monomeric units. This was performed in order to obtain biopolyesters 
that are amenable to chemical modifications and that exhibit also the material properties 
illustrated in Figure 2.1 for PHAs other than PHB and PHBV 
Procter & Gamble Co. licensed their PHA technologies to Meredian, Inc. (Bainbridge, GA) in 2007 [271]. 
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Figure 2.1: Thermo-mechanical properties of scl/mcl-PHAs. PHB and PHBV ( • ) , PHBHx 
(•), PHBO ( • ) , and PHBOd = PHBD (A). Reproduced with permission of [11]. 
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Note: 
Due to modifications suggested by members of the jury, the content of this paper differs 
from the one that was submitted. At the time of final deposit, the article was going to be 
accepted after revisions to be made. 
Titre fran?ais: 
Production de polyhydroxyalcanoates avec groupements fonctionnels a partir de souches 
genetiquement modifiees de Methylbacterium extorquens 
Resume frangais: 
Contexte: Les bacteries methylotrophes, utilisant le methanol comme substrat primaire, 
representent un potential important comme usines cellulaires pour la generation de pro-
duits a partir de methanol issu de biomasse. Le Bio-methanol est un substrat non-comestible 
possedant un avantage sur les souches de production bacterienne utilsent des sucres. 
L'obtention de produits a faible valeur ajoutee, de produits de chimie fine et de materiaux 
avances est ainsi envisageable a partir de methanol. L'acide polyhydroxybutyrique (PHB), 
un biopolyester biodegradable, le mieux connu des polyhydroxyalcanoates (PHA), peut, par 
exemple, etre produit en grandes quantites par plusieurs bacteries methylotrophes, dont le 
Methylbacterium extorquens. Nous avons ainsi voulu explorer la possibility d'utiliser M. ex-
torquens pour la production de PHAs de seconde generation, afin de les rendre accessibles 
pour de futures modifications chimiques/biochimiques pour des applications a forte valeur 
ajoutee. 
Resultats: II a ete demontre que M. extorquens ATCC 55366 est incapable de produire 
des PHAs avec des groupements fonctionnels a partir de methanol et de divers acides car-
boxyliques insatures comme substrats secondaires. Cependant, l'utilisation d'un systeme de 
clonage et d'expression inductive base sur le cumate comme inducteur a permis d'introduire 
dans la bacterie M. extorquens les genes phaCl ou phaC2 de Pseudomonas fluorescens GK13, 
la rendant capable d'incorporfer des quantites significatives de doubles liaisons C-C a partir 
des acides caroboxyliques C6= ou C8=. Les deux souches recombinantes ont donne des 
resultats mediocres avec C l l = . La souche porteuse du gene phaC2 avait une meilleure 
capacite d'utilisation de C8= et d'incorporation de doubles liaisons C-C dans les PHAs. La 
presence de ces doubles liaisons C-C dans les chaines laterales des PHAs a pu etre confirmee 
par RMN. 
Conclusions: Le travail effectue est un exemple d'ingenierie metabolique appliquee a la 
construction d'une bacterie metylotrophe capable de produire des PHAs fonctionnalises 
comportant des doubles liaisons C-C. La PhaC2 synthase s'est montree superieure a la PhaCl 
synthase pour l'utilisation de C8= comme source de doubles liaisons C-C et pour incorporer 
des doubles liaisons C-C a partir de C6= ou C8= dans des PHAs. La souche M.extorquens-
phaC2 est ainsi apparue comme un biocatalyseur prometteur pour la generation de PHAs 




Production of Functionalized 
Polyhydroxyalkanoates by Genetically 
Modified Methylobacterium extorquens 
Strains 
Abst ract 
Background: Methylotrophic (methanol-utilizing) bacteria offer great potential as cell 
factories in the production of numerous products from biomass-derived methanol. Bio-
methanol is essentially a non-food substrate, an advantage over sugar-utilizing cell facto-
ries. Low-value products as well as fine chemicals and advanced materials are envisageable 
from methanol. For example, several methylotrophic bacteria, including Methylobacterium 
extorquens, can produce large quantities of the biodegradable polyester polyhydroxybutyric 
acid (PHB), the best known polyhydroxyalkanoate (PHA). With the purpose of producing 
second-generation PHAs with increased value, we have explored the feasibility of using M. 
extorquens for producing functionalized PHAs containing C-C double bonds, thus, making 
them amenable to future chemical/biochemical modifications for high-value applications. 
Results: Our proprietary M. extorquens ATCC 55366 was found unable to yield function-
alized PHAs when fed methanol and selected unsaturated carboxylic acids as secondary 
substrates. However, cloning of either the phaCl or the phaC2 gene from P. fluorescens 
GK13, using an emerging inducible and tightly regulated expression system based on cu-
mate as inducer (the cumate switch), yielded recombinant M. extorquens strains capable of 
incorporating significant quantities of C-C double bonds into PHA, starting from either C6= 
and/or C8=. The two recombinant strains gave poor results with C l l = . The strain con-
taining the phaC2 gene was better at using C8= and at incorporating C-C double bonds into 
PHA. NMR confirmed the presence of C-C double bonds in the side chains of the produced 
PHAs. 
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Conclusions: This work constitutes an example of metabolic engineering applied to the 
construction of a methanol-utilizing bacterium capable of producing functionalized PHAs 
containing C-C double bonds. In this regard, the PhaC2 synthase appeared superior to the 
PhaCl synthase at utilizing C8= as source of C-C double bonds and at incorporating C-C 
double bonds into PHA from either C6= or C8=. The M. ex-phaC2 strain is, therefore, a 
promising biocatalyst for generating advanced (functionalized) PHAs for future high-value 
applications in various fields. 
3.1 Background 
Polyhydroxyalkanoates with functional groups (functionalized PHAs) have attracted in-
creasing attention in the last ten years or so [43 ,198 ,216 ,222 ,244 ,269 ,274-277] . It has 
been generally recognized that important needs and markets exist for various types of func-
tionalized PHAs as advanced materials in areas, such as tissue engineering [30,244,278] , 
biocomposites [279], various medical applications [267,269,276], and polymers with tun-
able properties [222], only to name a few. 
Although many types of functionalized PHAs have been described in the literature, generally 
speaking, the quantities produced have been very modest and barely sufficient to obtain a 
basic characterization of the physico-chemical properties of the new biomaterials [277]. 
Several reasons explain the situation and these include high toxicity of many of the key 
substrates, low accumulation of the desired PHAs and lack of commitment to developing 
more efficient, and productive fermentation processes. 
A commonly applied route for obtaining polyhydroxyalkanoates with desirable function-
alities is to produce PHAs with terminal double bonds followed by chemical modification 
steps. Carbon double bonds are comparatively stable but can be easily transformed into 
reactive functional groups under mild reaction conditions. Following this approach, polyhy-
droxyalkanoates with carboxyl, hydroxyl, epoxy and halogenic groups have been produced 
( [20] and references therein). 
The objective of this study was to explore the possibility of using Methylobacterium ex-
torquens for the production of functionalized PHAs using the wildtype strain as well as 
newly developed recombinant strains. Several methanol-oxidizing bacteria can synthesize 
PHAs [12 ,16 ,280-282] . One reason for using a methylotrophic microorganism for such 
purpose is that an important portion of the production process would use methanol, a 
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simple, inexpensive, very abundant, and non-food substrate. Another reason was that the 
project would contribute to establishing M. extorquens as a new cell factory, as strongly 
advocated [283]. 
In this study, we present data showing that some recombinant M. extorquens strains can 
deliver functionalized PHAs containing C-C double bonds when fed unsaturated fatty acids. 
The PHAs comprised short-chain-length (scl, C < 5) and medium-chain-length (mcl, 6 < C 
< 8) monomers and belong to a novel class of PHAs that will likely gain much attention due 
to their potential for high-value applications in various fields including tissue engineering. 
3.2 Mater ials and methods 
3.2.1 Microorganisms 
The proprietary, wildtype strain Methylobacterium extorquens ATCC 55366 was used through-
out this study [16]. Fresh plates were prepared from vials stored at - 80°C. Pre-inocula or 
inocula were prepared from plates stored at 4°C. The recombinant M. extorquens strains 
were similarly stored except that medium contained tetracycline at 15 mg/L to maintain 
selective pressure. 
3.2.2 Culture media 
Two media were used, CHOI4 medium [12] or CHOI5 medium, depending on experiments. 
CHOI5 medium is identical to CHOI4 medium except that it contained 33 wt% less ammo-
nium chloride. 
3.2.3 Inoculum preparation 
Starting from cultures maintained on CHOI4 plates at 4°C, 250-300 mL-shake flasks con-
taining 50 mL of medium were inoculated and the flask incubated at 30° C, 260 rpm, for ap-
proximately 48 hours. The medium contained 0.2 vol% methanol as sole carbon source. In-
cubation was extended to 72-96 hours in the case of the recombinant M extorquens strains. 
Media used to grow the recombinant strains also contained tetracycline at 15 mg/L. 
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3.2.4 Shake flask protocols 
Most experiments were conducted using 2 L-shake flasks containing 500 mL of either 
CHOI4 medium or CHOI5 medium. The media contained an initial concentration of 1 vol% 
methanol. Media used with the recombinant strains contained tetracycline at 15 mg/L. For 
induction of the recombinant phaC genes, cumate (4-isopropylbenzoic acid) was added to 
a final concentration of 20 mg/L. Whenever applicable, addition of the secondary substrate 
(carboxylic acids) was usually done after 48 or 72 hours, or as specifically indicated in the 
Results section. 1M KOH was used for manual pH control. 
3.2.5 Extraction and purification of PHAs 
Culture samples were centrifuged and the resulting pellets were washed in distilled water, 
methanol and, again, in distilled water followed by re-centrifugation after each washing 
step. Finally, the biomass was resuspended in water and freeze-dried (LyoStar, Model MNL-
055-A, FTS Systems, Stone Ridge, NY). Lyophilized biomass was soaked in approximately 
20X volume (v/w) of chloroform overnight in a rotary shaker at 30°C. The soaked cells 
were then filtered through Whatman # 4 paper (Maidstone, UK) and the filtrate purged 
with nitrogen. Resulting polymer gels were re-dissolved in chloroform and subjected to 
precipitation overnight in 10X volume (v/v) methanol at 4 °C. Finally, precipitates were 
filtered through one sheet of Fisher Scientific P5 paper (Hampton, NH) and air-dried. 
3.2.6 Construction of the recombinant plasmids 
To clone the two polyhydroxyalkanoic acid (PHA) synthase genes phaCl and phaC2 from 
Pseudomonas fluorescens GK13, the genomic DNA of P. fluorescens GK13 was isolated and 
subjected to PCR using, for phaCl, the primers PhaClFNhe (5' -CGC TAG CAT GAG CAA 
CAA GAA CAA TGA AGA CCT GCA GCG C- 3') (the NheI site is underlined), PhaClRMFE (5' 
-GCA ATT GTC AAC GTT CGT GGA CAT AGG TCC CTG G- 3') (the MfeI site is underlined) 
and, for phaC2, the primers PhaC2FNhe (5' -CGC TAG CAT GCG AGA GAA ACA GGT GTC 
GGG AGC CTT G- 3') (the Nhel site is underlined), PhaC2RMFE (5' -GCA ATT GTC AGC 
GCA CGT GCA CGT AGG TGC CGG G- 3') (the M/el site is underlined), thus, yielding 1680-
b p and 1683-bp PCR products, respectively. The PCR products were digested with Nhe I and 
Mfe 1, and cloned into pAll-gfp (Choi et al, unpublished) digested with the same restriction 
enzymes to generate pMl-phaCl and pAll-phaC2, respectively (Figure 3.1). 
3.2. MATERIALS AND METHODS 57 
3.2.7 Electroporation of M. extorquens 
Competent M. extorquens cells were prepared as previously described [17,284]. Competent 
cells were mixed in an Eppendorf tube with 1.0 jug of recombinant plasmid DNA (pAll-
phaCl or pMl-phaC2) and the tubes placed on ice for 20 min. The mixtures were transferred 
to an ice-cold electroporation cuvette and treated in a Bio-Rad electroporator (25 juF, 200 Q, 
5 ms, 2.5 kV/cm). Immediately thereafter, 1 mL of CHOI medium was added to the cuvette. 
The cell suspension was transferred to a 15 mL tube and incubated at 30°C for 5 h, then, 
100 jitL of culture was spread on selective plates (CHOI agar with 35 /ig of tetracycline per 
mL). The plates were incubated at 30°C for 48 h until colonies appeared. Typically, about 
300-500 transformants per plate were obtained. 
3.2.8 SDS-polyacrylamide gel electrophoresis 
Crude extracts of recombinant M. extorquens cultures were prepared using a French press 
and protein concentration was estimated by the method of Bradford [285] using the Bio-
Rad protein assay kit, with bovine serum albumin as standard. The cell extract samples 
were diluted in SDS-PAGE Loading Buffer and they were loaded at 10 (Ug per well on a 
4-12% NuPAGE Novex gel (Invitrogen Corp. Carlsbad, CA, USA). Gels were stained with 
Coomassie Brilliant Blue R-250. 
3.2.9 Analysis of the PHAs 
N M R 
Solution NMR spectra were acquired at 25° C on samples dissolved in deuterated chloroform 
on a Varian Inova 600 MHz spectrometer equipped with a HCN coldprobe and Z gradient. 
XH ID spectra were acquired with a sweep width of 12000 Hz and 128 transients. Assign-
ment of *H and 13C resonances were achieved via ^ - ^ C correlated spectra detecting nat-
urally abundant 13C. The ^ - " C Heteronuclear Single Quantun Coherence (HSQC) [286] 
and multiplicity edited HSQC spectra were acquired with 2048(t2) x 200(tx) complex points 
and and 13C sweep widths of 10000 and 27145 Hz, respectively. Broadband 13C decou-
pling was achieved during acquisition using WURST2 decoupling over 140 ppm. Typically, 
128 scans were acquired for each t : value. HMBC (Heteronuclear Multiple Bond Correla-
tion, [287]) and H2BC (Heteronuclear 2-Bond Correlation, [288]) experiments were ac-
quired with 200 complex (H2BC) and real (HMBC) points in ^ with XH and 13 C sweep 
widths of 10000 and 36192 Hz, respectively and 256 transients. All 2D spectra were pro-
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cessed with nmrPipe [289] and analyzed using NMRView [290]. PPM values are quoted 
relative to TMS. 
GC-FID 
GC-FID analysis were either carried out as described earlier ( [204] for GC-1) or as fol-
lows (GC-2). Fermentation samples were centrifuged in 50 mL conical Sarstedt tubes 
(Niimbrecht, Germany) and the pellets lyophilized. Methanolysis was used for analyz-
ing the intracellular PHA content. Briefly, the dry biomass was treated with acidified 
methanol in the presence of benzoic acid as internal standard at 100°C for 3 h to convert 
3-hydroxyalkanoate monomers to the corresponding methyl esters. The methyl esters were 
extracted in chloroform for subsequent analysis in a gas chromatographic system (Agilent 
6890 GC-FID; Agilent Technologies, Wilmington, CA). PHBV from Sigma-Aldrich (St. Louis, 
MO) and PHBHx from Procter & Gamble (Cincinnati, OH) were used as PHA standards. 
Since methyl esters resulting from 3-hydroxyhexanoate (3HHx) and 3-hydroxyhex-5-enoate 
(3HHx=) have very similar molecular weights (MW), peaks from 3HHx= were correlated to 
3HHx for determining the chemical composition of the experimental PHA samples. Purified 
biopolyesters were analyzed by the same method. 
Chemicals 
Pentanoic acid (C5) was obtained from A & C American Chemicals Ltd., 99% purity; 5-
hexenoic acid (C6=) was obtained from either Sigma-Aldrich or TCI America, both at 98% 
purity; 7-octenoic acid (C8=) was from Richman Chemical Inc., 98% purity. The following 
carboxylic acids were all from Sigma-Aldrich: 10-undecenoic acid ( C l l = ) , 98% purity; 4-
pentenoic acid (C5=), 97% purity; trans-2-pentenoic acid (t-C5=), 98% purity; hexanoic 
acid (C6), 99% purity. 
3.3 Results 
3.3.1 Production of unsaturated PHAs using the wildtype 
strain 
M. extorquens ATCC 55366 is a pink facultative methylotrophic strain. Early on, pink facul-
tative methylotrophs were seen by many as "pink Pseudomonas sp." [291] and since Pseu-
domonas species are notorious for their ability to use a wide spectrum of carbon sources, 
it was decided to test, firstly, the potential of M. extorquens ATCC 55366 to utilize various 
fatty acids including fatty acids with C-C double bonds. The assays were performed in shake 
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flasks using medium CH0I4 or medium CHOI5. Nearly 100 shake flask assays were con-
ducted. The M. extorquens cultures were grown first on methanol as sole carbon and energy 
source and the fatty acid of interest was added at some point to the growing cultures, gen-
erally at a final concentration in the 0.1-0.3% range. A summary of the substrates tested 
and of the results obtained is presented in Table 3.1. Only the homopolymer PHB or the 
copolymer PHBV was detected in the cultures. As can be seen, feeding of C5-fatty acids led 
to accumulation of the copolymer PHBV solely and, unfortunately, no trace of C-C double 
bounds could be detected in the PHAs produced upon feeding C5-fatty acids containing a 
C-C double bonds. Control of pH is a key factor when cultures are fed free carboxylic acids. 
In the present study, efforts were made to minimize pH effects by regular, manual addition 
of 1M KOH in order to maintain pH within a reasonable range (between 6 and 8) favorable 
for growth and substrate utilization. Given the extent of our screening efforts, it may be 
reasonably concluded that the wildtype M. extorquens ATCC 55366 strain is unable to accu-
mulate functionalized PHAs containing C-C double bonds. As a consequence, the next step 
consisted in developing M. extorquens strains harboring PHA synthase genes allowing for 
biosynthesis of the wanted functionalized PHAs. 
3.3.2 Cloning and expression of recombinant polyhydroxyalka-
noic acid (PHA) synthases in M. extorquens 
In a first step, the phaCl and phaC2 genes of J? fluorescens GK13, a strain capable of pro-
ducing functionalized PHAs [149], were successfully isolated using PCR and the isolated 
genes were identical to the reported sequences [292]. In a second step, the two phaC genes 
were cloned into the pAll plasmid (Figure 3.1) and inducible expression was driven by the 
cloned methanol dehydrogenase (PmxaF) of M. extorquens under control of regulatory el-
ements of P. putida F1 [284]. The new technology may be described as follows. (A) In 
the absence of the chemical inducer (p-isopropylbenzoate = cumate), the repressor protein 
cymR is bound to the operator site upstream of the gene of interest and transcription is 
blocked. (B) Addition of cumate as inducer leads to formation of the cymR-cumate com-
plex, followed by detachment of cymR from the operator and activation of the transcription 
of the downstream gene. This new inducible expression system is tightly regulated. Follow-
ing electroporation, fresh M. extorquens transformants were obtained after plating on CHOI 
agar plates containing 35 jug/mL of tetracycline and incubation at 30°C for 48 h. Please 
note that the native phaC gene of M. extorquens was not knocked out as done previously by 
other teams; the reason for this will be given below. The work led to the final selection of 
two recombinant strains: M. ex-phaCl and M. ex-phaC2. 
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TABLE 3.1: Utilization of various fatty acids, unsaturated or saturated, for growth and PHA 
accumulation by M. extorquens ATCC 55366. 
Sample Substrate Monomeric composition 





6.1 C5 30.4 69.6 
b C5= 100 -
7.4 C5= > 99 t f 
6.5 t- C5= > 99 tr 
6.6 t-C5— 87.9 12.1 
6.2 C6 > 99 tr 
8.1 C6 > 99 tr 
8.2 C6 100 tr 
d C6= 100 -
20.1 C8= 98.7 1.2 
e C8= 100 -
f C l l = > 99 tr 
g C l l = 100 -
aCX:Y = double bond at position Y of monomeric chain length X; 
bThree (3) similar samples: 6.4, 7.2, 7.3; 
ctr = detected in trace quantity; 
dSix (6) similar samples: 5.1, 5.2, 8.3, 9.3, 9.4, 21.2; 
eThree (3) similar samples: 14.1, 14.2, 14.3; 
'Eight (8) similar samples: 2.1, 2.2, 10.1, 10.2, 10.3, 10.4, 10.5,10.6; 
gThree (3) similar samples: 2.3, 9.1, 9.2. 
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Figure 3.1: Expression vector. Genetic construction of recombinant plasmids containing 
the P. fluorescens GK13 polyhydroxyalkanoate (PHA) synthase genes phaCl and phaC2, re-
spectively. 
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3.3.3 Growth of the two recombinant M. extorquens strains 
As illustrated in Figure 3.2, the two recombinant strains grew well on methanol but maximal 
growth of the two strains was inferior to that of the wildtype strain. At 70-72 h, addition 
of a mixture of methanol + 10-undecenoic acid ( C l l = ) resulted in further growth for the 
three strains but growth, as measured by optical density, rapidly reached a plateau in all 
three cases. Phase contrast microscopy of the cultures showed the presence of granules, 
tentatively identified as PHB (or PHA) granules, in cells from the three M. extorquens strains 
being tested and the granules increased in size over time. The appearance of the granules 
occurred between 68h and 74h and coincided with the addition of the methanol + C l l = 
(Figure 3.2, arrow). 
3.3.4 Expression of the phaCl and phaC2 genes in A/7, ex-
torquens 
The two recombinant M. extorquens strains as well as the M. extorquens wildtype strain 
were grown in CHOI medium containing methanol, plus tetracycline in the case of the 
two recombinant strains. As shown in Figure 3.3, addition of cumate, the inducer, led to 
significant expression of both the phaCl gene (lane 4) and of the phaC2 gene (lane 6). Both 
protein bands indicated a molecular mass of approximately 62 kDa. Interestingly, a strong 
band was present in the samples for non-induced M. ex-phaCl cells (lane 3) or M. ex-phaC2 
cells (lane 5). The same band was quasi inexistent in induced cells of the same recombinant 
strains. The band was not characterized further. 
3.3.5 Attempt to develop a p/jaC-minus M. extorquens strain 
via gene knock-out 
The two recombinant M. extorquens strains described above still contained the native phaC 
gene. To prevent competition between the native phaC gene and the heterologous phaCl or 
phaC2 gene for metabolic precursors, the ideal situation would be to introduce the phaCl or 
phaC2 genes into a phaC-minus M. extorquens mutant strain. To achieve this goal, attempts 
were made to engineer a phaC-minus mutant of M. extorquens via gene knock-out of the 
native phaC gene using the TargeTron™ Gene Knockout system (Sigma-Aldrich). A good 
number of mutants were obtained and PCR detection of the integrated intron in 9 randomly 
selected mutants showed the presence of the insert in all of them and its absence in the 
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Figure 3.2: Growth of M. extorquens strains. Growth of the wildtype M. extorquens strain 
and of the two recombinant M. extorquens strains on methanol (Phase 1, 0h-68h) and on 
methanol + 10-undecenoic acid (CI 1=0 (Phase 2, 68h-end). Addition of the mixture is 
indicated by the arrow. ( • ) wildtype strain, n = 3; ( • ) M. ex-phaCl strain, n = 3; ( • ) M. 
ex-phaC2 strain, n = 2. The medium initially contained 1 vol% methanol. At 68h, methanol 
and C l l = were added to give a final concentration of 2 vol% and 0.2 vol% of methanol 
and C l l = , respectively 







Figure 3.3: SDS-PAGE (4-12%) of M. extorquens cell-free extracts from shake flask cul-
tures. Lane M, standard marker mixture; lane 1, wildtype M. extorquens before induction; 
lane 2, wildtype M. extorquens after induction with cumate; lane 3, M. ex-phaCl before 
induction; lane 4, M. ex-phaCl after induction; lane 5, M. ex-phaC2 before induction; lane 
6, M. ex-phaC2 after induction. The arrows indicate the putative presence of recombinant 
PhaCl or PhaC2 enzyme, which showed an approximate molecular mass of 62 kDa. 
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wildtype M. extorquens strain. However, all the mutants grew very poorly and, therefore, 
they could not be employed for further genetic engineering work. 
3.3.6 Growth in the presence of unsaturated carboxylic acids 
Many shake flask studies were conducted with the two recombinant M. extorquens strains 
using various medium compositions and feeding strategies. Cultures were started using 
methanol as main substrate and, at desired times, the selected unsaturated carboxylic acid 
was added to favor accumulation of a functionalized PHA. To minimize pH effects, attempts 
were made to maintain pH by manual addition of 1M KOH. The growth results for strain M. 
ex-phaCl are shown in Figure 3.4 while those for strain M. ex-phaC2 are shown in Figure 
3.5. Pulse addition of the carboxylic acid is indicated by arrows. The two M. extorquens 
strains (Figure 3.4a and Figure 3.5a) continued to grow, although more slowly, upon ad-
dition of 5-hexenoic acid (C6=) and "respectable" biomass levels (C)D600nm values) were 
obtained, between 8 and 11, with all flasks except for Flask 24.6 (reason unknown). The pH 
profile varied with each flask but pH values were always between 6.2 and 7.7. The growth 
on 7-octenoic acid (C8=) is illustrated in Figure 3.4b (M. ex-phaCl) and in Figure 3.5b (M. 
ex-phaC2). The results were similar to those obtained with 5-hexenoic acid (C6=) except 
that the C)D600nm profiles varied significantly more between flasks. As with 5-hexenoic 
acid, the pH profile varied with each flask but pH values were always between 6.2 and 7.6. 
With 10-undecenoic acid ( C l l = ) , however, growth appeared even more "erratic" as there 
was significant variation in the C>D600nm profile between flasks (Figure 3.4c and Figure 
3.5c for strains M. ex-phaCl and M. ex-phaC2, respectively). Maximal C)D600nm values 
varied between only 4 (Flask 25.2, Figure 3.4c) and almost 10 (Flask 25.1, Figure 3.4c). 
Manual maintenance of the pH was also more problematic, pH values lower than 6 were 
recorded with both strains, reaching even near 4.5 at one point with M. ex-phaC2 strain. 
3.3.7 Extraction and purification of the PHAs 
As indicated above, we were unable to engineer a p/iaC-minus mutant of M. extorquens as 
host for the recombinant phaCl and phaC2 genes and, consequently, the PHAs produced by 
the M. ex-phaCl and M. ex-phaC2 strains were assumed to consist of polymer blends1 (PHB 
+ possibly functionalized PHAs). 
'Proof is given in Section 4.3.1. 
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Figure 3.4: Growth of the M. ex-phaCl strain on selected unsaturated carboxylic acids. 
Cultures were grown first on methanol, then, the selected unsaturated carboxylic acid was 
added pulse-wise (indicated by arrows). Partial control of pH was done using 1M KOH to 
prevent intolerable extremes in pH. 
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Figure 3.5: Growth of the M. ex-phaC2 strain on selected unsaturated carboxylic acids. 
Cultures were grown first on methanol, then, the selected unsaturated carboxylic acid was 
added pulse-wise (indicated by arrows). Partial control of pH was done using 1M KOH to 
prevent intolerable extremes in pH. 
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3.3.8 Potential of the two recombinant strains for producing 
functionalized PHAs 
From the start, our intention was to develop M. extorquens strains capable of accumulating 
functionalized PHAs harboring C-C double bonds within the side chains. As done by others, 
the production of such PHAs requires feeding an unsaturated carboxylic acid in the hope 
that a portion of the acid will be incorporated into the PHA molecule by the recombinant 
PhaCl or PhaC2 enzyme, thus leading to the potential presence of C-C double bonds in the 
PHA side chains. 
Numerous shake flask studies were conducted using various unsaturated carboxylic acids, 
various feeding regimes and process conditions in the hope of identifying initial conditions 
that could lead to maximization of functionalized PHA production. More than 85 differ-
ent PHA samples were generated and analyzed according to different methods, depending 
on sample size. As Table 3.2 indicates, the M. ex-phaCl strain was able to produce PHAs 
containing a small percentage, between 0.2 and 1.5%, of C6:5 bond-containing material 
starting from C6=, as determined by NMR. The same strain, however, was very poor at 
incorporating C-C double bonds when either C8= or C l l = was fed; only trace amounts of 
C-C double bonds were detected. Interestingly, the M. ex-phaCl strain was able to incor-
TABLE 3.2: Chemical composition of the PHA(s) extracted from M ex-phaCl cells grown on 
methanol + various unsaturated carboxylic acids 
Monomeric composition of the produced PHA" 
Sample Substrate DCW C4:0 CS:0 C6:5 C6:0 C7:6 C8:7 C8:0 C9:8 C l l : 1 0 Method 
[mol/L] [g/L] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] 
24.1 C6= 16.82 1.85 99.1 b 0.2 0.7 - - H-NMR 
24.2 C6= 16.82 1.63 96.9 b 1.5 1.5 - - H-NMR 
24.3 C6= 16.82 1.30 98.3 b 0.5 1.2 
- -
H-NMR 
16.3 C8= 6.61 1.30 > 92 7.5 - - - tr* GC-1 
26.1 C8= 6.61 1.66 > 98 1.4 tr tr tr tr GC-2 
26.2 C8= 6.61 2 .03 > 98 1.5 tr tr tr tr GC-2 
26.3 C8= 6.61 1.27 > 94 5.0 tr tr tr tr GC-2 
i C l l = 8.57 1.14- 100 - - - - GC-1 
1.88 
17.3 C l l = 4.29 1.52 100 - - - - GC-1 
25.1 C l l = 3.43 1.38 100 - - - GC-2 
25.3 C l l = 3.43 0.83 100 
- - - -
GC-2 
aCX:Y = double bond at position Y of monomeric chain length X; 
6Not detected but was expected; 
ctr = detected in trace quantity; 
dFour (4) similar samples: 11.1, 11.2, 11.3, 11.4. 
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porate significant quantities of a C5 unit starting from C8=. In this regard, C8= appeared 
much superior as chemical donor. Due to the high toxicity of the carboxylic acids used, cell 
densities were always low, generally between 1 and 2 g/L, on a dry weight basis. 
As listed in Table 3.3, the M. ex-phaC2 strain appeared better than the M. ex-phaCl strain at 
incorporating C6:5 bonds (C-C double bond at position 5 of C6 monomer chain length) into 
PHA. NMR indicated that between 2.8% and 8.9% of the PHAs was made up of C6:5 bond-
containing units upon feeding C6=. The same strain appeared also better at incorporating a 
C6 monomer from either C6= or C8=. When C8= was fed, four of the five samples showed 
the obvious presence of C8:7 bond-containing units. The concentrations of C6:5 material 
and those of a C6 monomer were also significantly higher. A C5 monomer was detected 
in the samples derived from C6= but was much more prevalent when C8= was fed, an 
observation valid for both recombinant strains. Feeding of CI 1=, as with the first strain, 
did not lead to production of PHAs containing significant percentages of C-C double bonds. 
Cell densities, again, were quite low. Tables 3.2 and 3.3 indicate that PHAs containing small 
quantities of C6:5 material could be obtained with both strains after feeding C6= but only 
the M. ex-phaC2 strain could generate both C6:5 material and C8:7 material when fed C8=. 
TABLE 3.3: Chemical composition of the PHA(s) extracted from M. ex-phaC2 cells grown on 
methanol + various unsaturated carboxylic acids 
Monomelic composition of the produced PHA" 
Sample Substrate DCW C4:0 C5:0 C6:5 C6:0 C7:6 C8:7 C8:0 C9:8 C l l : 1 0 Method 
[mol /L] [g/L] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] [mol%] 












i 24.5 C6= 16.82 2 .00 95.5 b 2.6 1.9 - - - H-NMR 
24.6 C6= 16.82 0 .99 83.9 ... b 8.9 7.2 
- - -
H-NMR 
16.5 C8= 6.61 - 88.8 3.3 0.6 b - 4.7 b GC-1 
16.6 C8= 3.31 93.1 6.9 - - - tr* - GC-1 
26.4 C8= 6.61 1.23 88.1 4.6 1.8 1.5 - 4.1 b GC-2 
26.5 C8= 6.61 1.14 88.2 4.4 2.2 1.9 - 3.4 b GC-2 
26.6 C8= 6.61 0 .89 77.8 6.9 4.0 3 .7 
-
7.6 b GC-2 
17.6 C l l = 4 .29 1.49 > 99 J GC-1 
25.5 C l l = 3.43 0 .83 > 99 i GC-2 
25.6 C l l = 3 .43 0.98 > 99 i GC-2 
aCX:Y = double bond at position Y of monomeric chain length X; 
bNot detected but was expected; 
ctr = detected in trace quantity; 
dSome units of C > 4 were expected, with and without double bonds. 
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3.3.9 I D and 2D N M R spectra of selected PHA samples 
Six (6) selected PHA samples, including a PHA sample produced by the wildtype M. ex-
torquens strain, were submitted to ID and 2D NMR analyses to further identify which un-
saturated components might be present. The results are summarized in Table 3.4. The two 
samples derived from C l l = , unfortunately, yielded poor quality spectra. As an example, the 
results for Sample 16.5 will be presented in more detail, similar analyses were applied for 
the other samples. The XH ID spectrum of 16.5 indicated that 3-hydroxybutyrate (3HB) was 
the major component comprising over 96% of the total signal (spectrum not shown). Using 
natural abundance 2D 1H-13C correlation spectra (Figure 3.6), it was possible to identify at 
least 5 minor components present which were assigned to 3-hydroxypentanoate (3HP), 3-
hydroxyhexanoate (3HHx), 3-hydroxyoctanoate (3HO), 3-hydroxyhex-5-enoate (3HHx—) 
and 3-hydroxyoct-7-enoate (3HO=). Chemical shift assignments for these components, 
based on the 1H-13C Heteronuclear Single Quantum Coherence (HSQC), Heteronuclear 
Multiple Quantum Coherence (HMQC) and Heteronuclear 2-Bond Correlation (H2BC) 2D 
spectra (shown in Figure 3.6 as black, red and blue contour plots, respectively), are shown 
in Table 3.5. The 2D spectra indicated that 5 methyl groups were present. In addition to 
3HB, the other methyl resonances were assigned to 3HI> 3HHx and 3HO, and the terminal 
methyl. All expected single double and multiple bond correlations were observed for 3HP 
and 3HHx. Further confirmation for 3HP was observed by the multiple, 3-bond correlation 
in the HMBC from the methyl protons (H5) to the C3 methine 13C chemical shift at 71.9 
ppm. Two other 13C methyl resonances at ~13 .8 ppm, were alleviated by their *H shifts at 
0.91 and 0.88 ppm. The slightly higher frequency peak was assigned to 3HHx and can be 
traced to the distinct C3 13C chemical shift via the HMBC/H2BC spectra (Figure 3.6). Based 
on the 13C shifts for the H2BC (22.6 ppm) and HMBC (31.8 ppm) cross-peaks and com-
TABLE 3.4: ID and 2D NMR analysis of selected PHA samples. 
Sample Substrate ID Analysis 2D Analysis 
16.5 C8= 3HB as major peak ( > 96%) At least 5 minor components: 3HI> 
3HHx, 3HHx=, 3HO and 3HO=. 
23.5 - 3HB, 3HP (very minor) No detectable unsaturated bonds. 
26.2 C8= Results very similar to those of 16.5 but much less 3HO. 
26.5 C8= Results very similar to those of 16.5. 
25.1 C l l = Poor quality spectra. 




Figure 3.6: Overlay of the 2D spectra for Sample 16.5. The 2D ^ - " C HSQC, HMBC 
and H2BC spectra are shown as black, red and blue contour plots, respectively. Single 
and multiple bond correlations for HP (3HP), HH (3HHx), HH= (3HHx=), HO (3HO) 
and HO= (3HO=) are indicated according to the following nomenclature. Multiple bond 
(HMBC) and 2-bond (H2BC) correlation cross peaks are identified by two numbers: the first 
corresponding to the atom and the second relating to the 13C atom, e.g., HH6,4 describes 
the cross peak between H-6 and C-4 of 3-hydroxyhexanoate. Single correlation (HSQC) 
cross peaks are denoted by a single number (e.g., HP5, corresponds to the correlation of 
H-5 and C-5 for 3-hydroxypentanoate). 
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TABLE 3.5: Summary of the 13C-NMR shift values for Sample 16.5. 
Carbon 3HB 3HP 3HHx 3HHx= 3HO= C-terminus 
1 169.2 169.3 169.2" 169.2° 169.2a -
2 40.7 38.9 39.3 39.5-40.8° 39.5-40.8a 43.2 (CH2) 
3 67.7 71.9 70.7 70.06 70.8 64.5 (CH) 
4 19.7 26.9 35.9 38.2 33.3 22.5 (CH3) 
5 - 9.4 18.4 132.7 24.2 -
6 - - 13.8 118.9 33.2 -
7 - - - - 138.3 
8 - 115.2 
"Actual value is uncertain due to overlap from major component (3HB). 
parison with previously published data [293,294], the slightly lower frequency XH methyl 
resonance originated from a longer chained 3-hydroxyalkanoate. We have assigned this to 
3HO (based on the fact that we observed the related 3HO= polymer, see below) although 
we cannot exclusively rule out other longer chain monomers. Finally, at very low contour 
levels, we were able to detect and assign resonances at the terminus of polymer (these are 
too weak to detect in Figure 3.6 but assignments are listed in Table 3.5). 
A notable feature of the 2D HSQC spectrum for Sample 16.5 was the presence of high fre-
quency *H (~5.0 ppm and ~ 5 . 7 ppm) and 13C (~115 ppm and ~ 1 3 5 ppm) resonances 
indicative of double bonds. These were assigned to the 3HHx= and 3HO= monomers 
based on the following reasoning. Firstly, the sign of these resonances in the multiplicity-
edited HSQC (data not shown) showed the higher frequency *H peaks (~5 .7 ppm) to be 
CH resonances (C5, 3HHx= and C7, 3HO=) and the peaks at ~5 .0 ppm to arise from CH2 
groups (C6 and C8 for 3HHx= and 3HO=, respectively). The H2BC spectrum (blue, Fig-
ure 3.6) showed a clear 2-bond correlation between, for example, the XH of C8 and C7 
of 3HO= (marked HO=8,7 on Figure 3.6) and the XH of C6 and C5 of 3HHx= (marked 
HH=6,5 on Figure 3.6). Thus, the double bond for both monomers must be at the end of 
the alkyl chain. The 3HHx= monomer was assigned based on the characteristic chemical 
shift value for C3 in 3-hydroxyalkanoate monomers of ~70.5, and the observation of a 3-
bond HMBC correlation between the of C5 and a 13C peak at 70.06, which must be C3 
(labeled HH=5,3 on Figure 3.6). This correlation was confirmed by the observation of the 
remaining expected multiple and single bond correlations for 3HHx= which are shown on 
Figure 3.6. In contrast to 3HHx=, in 3HO=, the =CH resonance (C7 in 3HO=) showed a 
3-bond HMBC correlation to a 13C peak at 24.2 ppm (labeled HO=7,5 in Figure 3.6) which 
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must belong to a CH2 (confirmed by the multiplicity edited HSQC experiment), indicating 
the alkyl chain is longer for this monomer. Assignment to 3HO= was once again based on 
the characteristic chemical shift of C3 and H3 at ~70 .5 ppm and ~5 .2 ppm, respectively. 
Notably, the C5 resonance just assigned showed a 3-bond correlation to a *H resonance at 
^ . l S ppm, which is probably H3. This was confirmed by the observation of the H5 reso-
nance exhibiting a 3-bond correlation in the HMBC to ~70 .9 ppm, which must belong to 
C3. Further analysis of the HMBC and H2BC spectra confirmed this assignment, showing 
almost all the expected single and double bond correlations. Using the C3 resonances in the 
HSQC we obtained for Sample 16.5 a ratio of 3HB:3HO= (1:0.06), 3HB:3HHx= (1:0.05), 
3HB:3HP (1:0.02), 3HB:3HHx (1:0.008, comparing methyls), 3HB:3HO (<1:0.008, com-
paring methyls). Based on the above methodology and assignments, the four (4) other PHA 
samples were analyzed and the results are summarized in Table 3.4. 
3.4 Discussion 
Methylobacterium extorquens ATCC 55366 is a pink-pigmented bacterium capable of grow-
ing at very high cell densities using minimal media and methanol as sole carbon and en-
ergy source [12,16]. Its ability to use methanol makes this bacterium, and other similar 
microorganisms, a prime candidate for converting methanol into numerous industrial prod-
ucts, thus supporting the emergence of the industrial biotechnology sector, more precisely, 
of a methanol economy [283,295]. Contrary to sugars, methanol is a non-food substrate 
that can be directly or indirectly obtained via thermochemical conversion and/or anaero-
bic digestion from low-value biomasses and wastes. Our long-term goal is to convert M. 
extorquens ATCC 55366 into a microbial cell factory for producing some of today's or to-
morrow's products from biomass-derived methanol. 
In the biodegradable plastic arena, Methylobacterium extorquens has been shown to yield 
high concentrations of the homopolymer polyhydroxybutyric acid (PHB) [12,16]. The main 
goal of the present study was to develop this bacterium into a biocatalyst capable of produc-
ing functionalized polyhydroxyalkanoates (PHAs) from methanol and secondary substrates 
(unsaturated carboxylic acids). Such PHAs belong to the class of second generation PHAs 
and are targeted for high-value applications. 
In a first step, we attempted to produce functionalized PHAs using the wildtype M. ex-
torquens ATCC 5.5366 strain. As indicated earlier, pink facultative methylotrophic bacteria 
were considered for a long time as "pink Pseudomonas sp." [291] and since Pseudomonas 
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species are well known to show versatility in PHA production it was logical to test the 
wildtype strain first. However, in spite of nearly 100 shake flask trials, using various unsat-
urated carboxylic acids and test conditions, only PHAs containing saturated C4 and /or C5 
monomers were obtained (Table 3.1). 
The inability of the wildtype M. extorquens strain to yield the desired PHAs was assumed 
to be due to a too narrow substrate specificity of the wildtype PHA synthase enzyme. As 
done by several research groups [222,296-302], we then decided to engineer M. extorquens 
strains harboring different PHA synthase (phaC) genes known or assumed to code for PHA 
synthases of broader substrate specificity. After careful review of the literature, the phaCl 
and phaC2 genes present in the P fluorescens GK13 strain were selected [11,149]. The two 
phaC genes were cloned into the pAII plasmid (Figure 3.1) using an emerging inducible and 
tightly regulated expression approach developed by our group for M. extorquens and de-
scribed elsewhere [17,284]. The approach may be summarized as follows. (A) Expression 
is driven by the cloned methanol dehydrogenase (Pm x a F) of M. extorquens under control of 
regulatory elements of P putida F l . (B) Induction is brought about by addition of small 
quantities of the simple molecule cumate. The work led to the final selection of two promis-
ing M. extorquens strains, strain M. ex-phaCl and strain M. ex-phaC2. 
Ideally, the two recombinant phaC genes should have been introduced into a pfraC-minus 
mutant of M. extorquens. Unfortunately, although we were able to obtain such mutants, 
the mutants grew very poorly in the culture media containing methanol as the sole carbon 
source. Consequently, the two selected recombinant M. extorquens strains still contained 
the native phaC gene and, for this reason, PHA blends comprised of PHB and functionalized 
PHAs could be expected at best. FitzGerald and Lidstrom [303], however, were able to ob-
tain aphaC-minus mutant of a very closely related M. extorquens strain, strain AMI. A subtle 
difference between the two genomes or a difference in the methodology employed are two 
possible explanations for the observed differences. A paper by Vuilleumier [304], for in-
stance, showed that significant differences in the genome sequences of two M. extorquens 
strains, AMI and DM4, are possible. 
As illustrated in Figure 3.3, the two recombinant genes were expressed after induction by 
cumate during growth on methanol. Many shake flask experiments, although not perfect 
due mostly to lack of precise pH control, showed that the two strains, generally speak-
ing, could grow to significant cell densities (Figures 3.4 and 3.5) but, overall, most of the 
biomass was obtained from methanol, i.e., before addition of the respective carboxylic acid, 
due to the well-known toxicity of such carboxylic acids. Probably due to the lack of precise 
3.4. DISCUSSION 75 
pH control, significant differences in optical density profiles were observed between shake 
flasks, especially when C l l = was fed (Figures 3.4c and 3.5c). Interestingly, in several cases, 
growth continued after addition of the "toxic" carboxylic acid. Several examples are illus-
trated in Figures 3.4 and 3.5. The optical density values obtained are very comparable to 
values found in the recent literature for similar work [92,172,296-298,305] . In this study, 
as in many other ones, emphasis was on strain development and proof-of-concept, not on 
process optimization. 
The results in Tables 3.2 and 3.3 show that PHA material containing detectable or sig-
nificant concentrations of unsaturated C-C bonds could be obtained with the two strains, 
after GC-FID or NMR analysis. NMR, unfortunately, could not always be performed due 
to cost and equipment availability. Three strong conclusions may be drawn from the re-
sults. (1) Strain M. ex-phaC2 was better at producing PHA material containing C-C double 
bonds. (2) The same strain was better at producing PHA material containing C-C bonds 
from C8=. (3) Both strains gave very poor results with C l l = . Several groups have ob-
served or hypothesized that PhaC2 synthases have a lower substrate specificity than PhaCl 
synthases [296,297,299] . Other groups have suggested that PhaCl and PhaC2 synthases 
have different functions [222,302,306] . Contrary to observations made with other bacte-
ria, our M. extorquens strains gave poor results with C l l = and, therefore, only C6= or C8= 
proved to be adequate secondary substrates. We wish to emphasize again that, because of 
our inability to generate a phaC-minus mutant, we have assumed that our two recombinant 
strains yielded PHA blends, i.e., PHB + functionalized PHA. 
Analysis by GC-FID was routinely used to determine the composition of the PHAs produced 
and to look for the presence of C-C double bonds. Although our GC-FID results are reliable, 
selected samples were submitted to ID and 2D NMR analysis for obtaining the ultimate 
proof that C-C double bonds were present and that at least some of the C-C double bonds 
were located in the PHA side chains. Expert analysis of the NMR results by one of the 
authors confirmed both the presence of unsaturated PHA components in the samples and 
the presence of C-C double bonds in the side chains. The NMR spectra obtained with the 
samples derived from C l l = , unfortunately, were of poor quality and no interpretation was 
attempted. 
As indicated in Tables 3.2 and 3.3, our experimental PHA samples exhibited mainly (> 
80%) scl-3HA monomers (3HB, C4 and 3HI> C5). Due to the presence of two unrelated 
phaC genes in our recombinant strains, it is proposed that a major portion is PHB or PHBV 
resulting from the native PHA synthase. Since phaC2 of P fluorescens GK13 was shown to 
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have a wide substrate specificity [11], it is suggested here that the remaining biopolyesters 
of the polymer blends belong to the highly valuable class of short-chain-length/medium-
chain-length PHAs (scl/mcl-PHAs, 4 < C < 14) that have been proposed for many appli-
cations due to their desirable thermo-mechanical properties [11]. For this reason, PHBHx 
with a 3HHx content of 20% and less is currently under investigation for its potential to 
function as tissue engineering material ( [20] and references therein). It is proposed that 
we have successfully added functionality to this highly regarded class of PHAs by incorpo-
rating mcl-3HA units bearing terminal double bonds. Double bonds may be used to induce 
side chain crosslinking and to covalently bind small or macromolecules upon chemical mod-
ifications. To date, the advantage of exhibiting functionality has been exclusively reserved 
for mcl- and lcl-PHAs. 
3.5 Conclusions 
It was found that the wildtype M. extorquens ATCC 55366 strain could not produce func-
tionalized PHAs starting from a methanol + unsaturated carboxylic acid mixture. As a 
consequence, a metabolic engineering approach was used to convert the wildtype strain 
into a "cell factory" capable of producing functionalized PHAs containing C-C double bonds. 
The presence of the C-C double bonds in the PHA side chains was confirmed by NMR. It 
was also found that the M. extorquens cell factory harboring the phaC2 gene appeared su-
perior at utilizing unsaturated carboxylic acids and at incorporating C-C double bonds into 
PHA starting from either C6= or C8=. It is suggested that, in addition to PHB and PHBV 
our two M. extorquens cell factories led to the production of functionalized short-chain-
length/medium-chain-length PHAs (scl/mcl-PHAs), which combine desirable functionality 
of some mcl-PHAs with, reportedly, superior thermo-mechanical properties of inert scl/mcl-
PHAs. Our next approach will be the production of sufficient amounts of the polymer blends 
reported here to proof the presence of functionalized scl/mcl-PHAs and to characterize their 
properties. 
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correlation; HMQC: heteronuclear multiple quantum coherence; HSQC: heteronuclear sin-
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Titre frangais: 
Production et caracterisation de nouveaux polyhydroxyalcanoates avec groupements fonc-
tionnels montrant des proprietes thermiques ameliorees par une souche recombinante de 
Methylobacterium extorquens. 
Resume frangais: 
Contexte: Des souches genetiquement modifiees de Methylobacterium extorquens ont de-
montre une capacite a produire des poly(3-hydroxyalcanoates) (ou PHAs) avec groupe-
ments fonctionnels. Lors d'une etude precedente, les genes phaCl et phaC2 provenant 
de Pseudomonas fluorescens GK13 ont ete clones pour creer des souches recombinantes de 
M. extorquens capables de produire des PHAs possedant des doubles liaisons carbone termi-
nales sur les chaines laterales. Ce chapitre presente le potentiel de production en fermenteur 
de ces biopolyesters ainsi que leurs proprietes thermo-mecaniques. 
Resultats: II a ete prouve que la souche recombinante de M. extorquens ATCC 55366 por-
teuse du gene phaC2 de P fluorescens GK13 (M. ex-phaC2) est capable de produire des 
melanges de poly(3-hydroxyalcanoate). Un apport simultane d'acide 5-hexenoique et de 
methanol a permis de creer des PHAs (4 < C < 6) avec groupements fonctionnels avec 
des doubles liaisons carbone terminales. Differentes strategies de fermentation ont donne 
des rendements de biomasse de l'ordre des 50g/L (DCW) a partir de laquelle des grammes 
de copolymeres avec groupements fonctionnels ont pu etre extraits. L'incorporation de 3-
hydroxyhexen-5-oate et de 3-hydroxyhexanoate dans les chaines de polymeres a mene a une 
baisse de la cristallinite et des temperatures de transition vitreuse et de fonte du polymere 
lorsque compare a l'homopolymere poly(3-hydroxybutyrate). Les PHAs avec groupements 
fonctionnels ont egalement demontre une plus grande ductilite et une reticulation des 
chaines laterales. 
Conclusions: M. ex-phaC2 est une usine de production microbienne prometteuse pour la 
production de poly(3-hydroxyalcanoate) de seconde generation. Ceux-ci peuvent ainsi etre 
consideres comme des candidats pour des applications a haute valeur ajoutee, notamment 
en ingenierie tissulaire. L'utilisation du methanol comme substrat primaire offre, de plus, 
la possibility de reduire les couts de production. Cependant, la production de grandes 
quantites de mousse par M. extorquens en bioreacteurs a grandement complique et diminue 
le controle du procede de fermentation et ceci represente un probleme important qui devra 
etre resolu dans le futur. 
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Background. Genetically modified Methylobacterium extorquens strains have been shown 
to produce functionalized poly(3-hydroxyalkanoates) (PHAs). In a previous study, both the 
phaCl and the phaC2 genes were cloned from Pseudomonas fluorescens GK13 to generate 
recombinant M. extorquens strains for producing PHAs bearing terminal C-C double bonds 
in the side chains. Here, we describe the production of these biopolyesters in bioreactors, 
including an evaluation of their key thermo-mechanical properties. 
Results. Recombinant M. extorquens ATCC 55366 harboring phaC2 from P fluorescens 
GK13 (M. ex-phaC2) was capable of producing blends of poly(3-hydroxyalkanoates). By 
co-feeding 5-hexenoic acid and methanol, functionalized PHAs (4 < chain length (C) < 6) 
containing C-C double bonds could be created. Different fermentation strategies yielded 
biomass in the range of 50 g/L from which gram quantities of functionalized copolymers 
could be extracted. Incorporation of 3-hydroxyhex-5-enoate and 3-hydroxyhexanoate into 
the polymeric chains led to decreases in crystallinity, and in melt and glass transition 
temperatures compared to the homopolymer poly(3-hydroxybutyrate). The functionalized 
PHAs were also more ductile and showed signs of side chain crosslinking. 
Conclusions. M. ex-phaC2 is a promising microbial factory for the production of second 
generation poly(3-hydroxyalkanoates), which are known candidates for high-value applica-
tions such as tissue engineering. The use of methanol as a main substrate offers the possi-
bility to reduce production costs. However, significant foam production by M. extorquens, 
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partially caused by the presence of 5-hexenoic acid, led to process control difficulties at 
times. 
4.1 Background 
Polyhydroxyalkanoates (PHAs) serve as bacterial storage compounds in nature. Since PHAs 
are insoluble in water they can be densely packed as granules. Due to the low oxidized state 
of their polymeric chains and the resulting high calorific value ( > 20 GJ/ton) [308,309], 
bacteria are able to efficiently store reserves of carbon and energy. The natural production-
degradation cycle of PHAs and their ductile properties has led to increasing research aimed 
at manipulating these biomaterials for human needs. The discovery that, in some bacteria, 
the chemical structure of the carbon source is directly reflected by the monomeric units of 
the biopolyester made PHAs even more attractive [135]. It was realized that the structural 
and thermo-mechanical properties of polyhydroxyalkanoates can be tailored, by employing 
different feeding strategies. To date, more than 150 types of biologically produced PHAs 
have been reported [40,41]. 
Poly(3-hydroxyalkanoates) are classified by the length of their monomeric units: (1) short-
chain-length (scl-PHAs) with C < 5, (2) medium-chain-length (mcl-PHAs) with 6 < C < 14, 
and (3) long-chain-length (lcl-PHAs) with C > 15. Poly(3-hydroxyalkanoates) may contain 
any combination of the monomeric unit classes listed above. The production of scl/lcl-PHAs 
was recently reported [44]. Mcl-PHAs have gained particular interest as their production 
hosts, mainly pseudomonads [143,216], are capable of incorporating functional groups 
into their side chains. Functionalized PHAs are very desirable because they can be modified 
to qualify for fine applications [20,267,269]. Scl/mcl-PHAs have the potential to overcome 
a weakness exhibited by scl-PHAs and some mcl-PHAs, namely poor thermo-mechanical 
properties. While scl-PHAs are very stiff and brittle, mcl-PHAs may be too rubbery and 
sticky for some applications and there is still a strong need for developing new PHAs with 
improved material characteristics. 
Recombination is among the most applied genetic engineering tools to extend the capabili-
ties of microorganisms. Among all PHA-producing genera and species, Escherichia coli [39] 
and Cupriavidus necator (formerly Wautersia eutropha, Ralstonia eutropha, and Alcaligenes 
eutrophus [310]), whose genome was recently sequenced [311], are the predominant hosts 
that can be used as microbial factories for desirable bioplastics [312]. In a former study, 
we genetically modified Methylobacterium extorquens ATCC 55366 by introducing a plas-
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mid containing either phaCl or phaC2, the PHA synthase encoding genes of Pseudomonas 
fluorescens GK13 [273]. The recombinant M. extorquens strains were able to produce func-
tionalized scl/mcl-PHAs bearing terminal double bonds. This study presents the fermen-
tative production of the multipolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-
hydroxyhexanoate-co-3-hydroxyhex-5-enoate) by M. extorquens harboring the phaC2 gene 
of P fluorescens GK13. 
4.2 Mater ia ls and methods 
4.2.1 Bacterial strain and growth conditions 
Methylobacterium extorquens ATCC 55366 is a Gram-negative methylotroph that was origi-
nally isolated from oil-contaminated soil [19]. The recombinant M. extorquens strain used 
in this study, M.ex-phaC2, contained plasmid pAII harboring the PHA synthase gene phaC2 
of Pseudomonas fluorescens GK13 as described earlier [273]. M. extorquens cultures were 
grown in CHOI4 medium at 30°C and pH 7 [12]. Methanol at 0.5 vol% was used as sole 
carbon source for pre-cultures. Tetracycline (Sigma-Aldrich, St. Louis, MO) was added at a 
concentration of 15 mg/L for plasmid maintenance. 
4.2.2 Fermentation and PHA production 
Bioreactors (Annex A) were inoculated with a 10 vol% of a 72-h pre-culture grown in 
shake flasks. Pre-cultures were prepared in a 20L-bioreactor for inoculating the 75L- or 
150L-bioreactors. Methanol was either manually added with a syringe or automatically by 
using an in-house engineered methanol probe [313]. Methanol concentration was set at 
0.15 vol% and verified by gas chromatography (GC) analysis at each sample point using a 
Varian model CP-3800 instrument (Palo Alto, CA). Co-substrates were supplied either with 
a syringe or coupled with automatic methanol feeding as indicated in the text. Alkenoic 
acids used in this study included 7-octenoic acid (C8=) (> 98% purity) from Richman 
Chemical Inc. (Lower Gwynedd, PA) and 5-hexenoic acid (C6=) (> 98% purity) from ACI 
America (Portland, OR). The concentration of 5-hexenoic acid was verified at each sample 
point by high performance liquid chromatography (HPLC) analysis (Waters Corp., Milford, 
MA). Shortly prior to co-substrate addition, expression of the PHA synthase gene phaC2 
was induced by adding 4-isopropylbenzoic acid (cumate, dissolved in methanol) (Sigma-
Aldrich, St. Louis, MO) to reach a final concentration of 20 mg/L. Microbial growth was 
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monitored by spectrophotometry at 600 nm. Throughout the text, PHA and 3HA yields 
refer to the percentage (wt%) of polymer based on dry cell weight (DCW). 
4.2.3 Identification of the fermentation samples 
Throughout the text, fermentations are denoted (numbered) as F X and F X-Y if several runs 
were performed in parallel. Different samples from the same fermentation are labeled as F 
X.Z in chronological order. 
4.2.4 PHA purification and solvent fractionation 
Smaller fermentations (V < 20 L) 
Cells were harvested and immediately centrifuged in 1 L bottles at 4°C in a Beckman model 
J6-MI centrifuge (Fullerton, CA). The pellets were washed in distilled water, methanol and, 
again, in distilled water. Cells were recovered by centrifugation after each washing step. 
Finally, the biomass was resuspended in water and freeze-dried (LyoStar, Model MNL-055-
A from FTS Systems; Stone Ridge, NY). 
Larger fermentations (V > 75 L) 
Cells were harvested and immediately recovered by centrifugation in an Alfa Laval BTPX 
205 continuous centrifuge (Lund, Sweden). The biomass was washed once in distilled water 
and re-centrifuged prior to freeze-drying. Biomass that resulted from cultures carried out 
in the 150L-bioreactor was furthermore subjected to cell breakage in a Microfluids M110Y 
microfluidizer (Newton, MA) before lyophilization. 
Freeze-dried biomass was soaked in 20X volume (V/w) of chloroform or acetone for at 
least 6 h in a Branson model 5200 sonicator (Danbury, CT) at 60° C. The cells were then 
vacuum-filtered through Whatman # 4 paper (Maidstone, UK) and the filtrate boiled down 
in a rotary evaporator (Biichi, Switzerland). Resulting polymer gels were re-dissolved in 
chloroform and subjected to precipitation overnight in 10X volume (V/V) methanol at 4°C. 
Finally, precipitates were vacuum-filtered through two sheets of Fisher Scientific P5 paper 
(Hampton, NH) and air-dried. Chloroform-extracted PHAs were fractioned by hot acetone 
in a Soxhlet apparatus as previously described [314]. 
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4.2.5 Structural analysis 
Fermentation samples were centrifuged and lyophilized in 50 mL conical Sarstedt tubes 
(Niimbrecht, Germany). Gas chromatography (GC) analysis was used to determine the 
intracellular PHA content as described previously [315]. Dry biomass was treated with 
acidified methanol in the presence of benzoic acid as internal standard at 100°C for 3 h to 
convert 3-hydroxyalkanoate monomers to their corresponding methyl esters. The methyl es-
ters were extracted in chloroform for subsequent analysis in a gas chromatographic system 
(Agilent 6890 GC-FID; Agilent Technologies, Wilmington, CA). PHBV (Sigma-Aldrich, St. 
Louis, MO) and PHBHx (Procter & Gamble, Cincinnati, OH) were used as standards for the 
determination of intracellular 3-hydroxyalkanoate (3HA) weight fractions. Since methyl 
esters resulting from 3-hydroxyhexanoate (3HHx) and 3-hydroxyhex-5-enoate (3HHx=) 
have very similar molecular weights (MW), peaks from 3HHx= were correlated to 3HHx 
for intracellular weight calculation. Purified biopolyesters were analyzed using the same 
method. To confirm the presence of 3HHx=, two-dimensional nuclear magnetic resonance 
(2D NMR) spectroscopy was employed [273]. 
4.2.6 Material characterization 
To increase the purity of the purified PHAs, the polyesters were Soxhlet-washed in hot 
methanol for 10 h. This washing step resulted in further fractionation of the acetone-
extracted polymers. Methanol-extracted PHAs were precipitated by cooling overnight at 
4°C and then filtered through Fisher P5 paper. Due to limited availability, some samples 
could not be subjected to all desirable analyses. 
Thermal analysis 
Differential scanning calorimetry (DSC) studies were performed using a Perkin Elmer Pyris 
1 DSC instrument (Waltham, MA) under a nitrogen atmosphere. PHA samples (3-7 mg) 
were encapsulated in aluminum pans and then subjected to a heating-cooling-heating cycle 
between -65°C and 200° C at 10°C/min. Phase transitions were recorded during the second 
heating run. Glass transition temperatures (Tg) were taken from the mid point of the 
change in heat capacity. The peak temperature of melting endotherms equaled the melting 
temperature (Tm). Enthalpies of fusion ( A H f ) and crystallization (AHJ were obtained 
from the area under the melting and crystallization peaks. The degree of crystallinity was 
defined as „ „ « 
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where AH°f is the heat of fusion of crystalline PHB (146 J /g from [316]). Thermal stability 
of PHA polymers was determined with a TG96 thermogravimetric analyzer (TGA) (Setaram, 
Caluire, France). Samples were heated to 800°C at 10°C/min under a nitrogen atmosphere. 
Physical properties 
Tensile strength testing was performed on PHA films according to the ASTM standard D 88-
02 [317] with an Instron MicroTester model 5548 instrument (Norwood, MA). Smooth films 
were obtained by dissolving the polymers in 50X volume (V/w) of chloroform at 100°C. The 
clear solutions were cooled to room temperature and then cast into a commercially available 
baking pan with 8 molds (45 mm x 90 mm). The films were dried overnight and cut into 
10 mm x 50 mm strips. Stress was applied by moving the upper grip at a cross-head speed 
of 1 mm/min until full rupture occurred. 
Wide-angle X-ray diffraction 
( 
Wide-angle X-ray diffraction (WAXD) measurements were conducted using a Discover 8 
diffractometer (Bruker, Germany) operating at 40 kV and 40 mA with CuKa radiation 
(A=l.540598 A ) and using a horizontal Bragg-Brentano focusing geometry, except for Sam-
ples # 1 and #2, for which a polystyrene substrate was employed. Polymeric films were 
fixed on a low background Si wafer substrate using a small amount of Si grease. In two 
cases (Samples # 5 and #8), PHAs were crushed and compressed with Si grease for testing. 
Diffraction patterns were recorded at room temperature in the range of 2 0 = 1.5-40° and 
at scan speed of 0.6°/min. 
Gel-permeation chromatography (GPC) analysis 
A Viscotek (Houston, TX) system equipped with a triple detector (TDA302) was employed to 
determine the molecular weights of the polymers dissolved in chloroform. Tetrahydrofuran 
(THF) was used for the mobile phase at a flow rate of 1 mL/min. 
4.3 Results and discussion 
Recombinant Methylobacterium extorquens ATCC 55366 strains harboring the phaCl or 
phaC2 gene from Pseudomonas fluorescens GK13 are capable of producing poly(3-hydroxy-
butyrate-co-3-hydroxyalkenoates) [273]. The goal of the present study was to produce 
larger quantities of these PHAs by fermentation and to characterize their thermo-mechanical 
properties. Based on former results [273], M. extorquens ATCC 55366 harboring the phaC2 
gene from P fluorescens GK13 (M. ex-phaC2) was chosen as the production strain. 
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4.3.1 Initial bioreactor studies: validation of shake flask results 
Growth of recombinant M ex-phaC2 and production of PHAs in shake flasks [273] was suc-
cessfully validated in a 20L-bioreactor (14L as working volume). In this experiment, C8= 
was the co-substrate used. The final dry cell weight (DCW), however, did not exceed 5 g/L 
with a 40% PHA content on a dry cell weight basis (Table 4.1). As discussed previously, the 
resulting PHAs were most likely blends of homo- and copolymers [273], To test this hy-
pothesis, extracted PHAs from two different fermentation fractions were soaked in acetone 
to possibly separate scl-PHAs from mcl-3HA-containing PHAs. As opposed to mcl-PHAs, 
poly(3-hydroxybutyrate) (PHB) is only soluble in acetone when it is amorphous [318,319]. 
PHB separated from biomass, however, is crystalline and insoluble in acetone. As illustrated 
in Table 4.2, Soxhlet extraction was accompanied by a loss in PHA material. The remaining 
polymer was resolved into two different fractions by hot acetone. M. ex-phaC2 produced 
blends made up of scl-PHAs and scl/mcl-PHAs. Since the native PhaC enzyme is not capa-
ble of incorporating monomers other than scl-3HA [273], the production of scl/mcl-PHAs 
must have resulted from the action of the recombinant PhaC2 enzyme. Random abundance 
of the different monomers is likely the reason why some mcl-3HA units remained in the 
acetone-insoluble fractions obtained from Fermentation F 4. It is suggested here that the 
mcl-3HA content was very small in some copolymeric chains so that they could not dissolve 
in acetone. 
TABLE 4.1: Results from Fermentation F 4. 
Biomass fraction DCW Total MeOHa Total C8= Yield PHA/DCW 
[g/L] [vol%] [vol%] [wt%] 
F 4.7 4.53 4.86 0.08 36.83 + / - 1.38b 
F 4.9 4.58 5.80 0.09 39.43 
"Total volume added divided by the final working volume (Vw); 
"n=2. 
It is commonly believed that incorporation of 3HA units, derived from fatty acid degrada-
tion via [3 -oxidation cycle, is accompanied by a partial C2 reduction of the carbon chain 
[135]. Carboxylic acid degradation also leads to random reduction of the terminal double 
bond [273]. Therefore, the presence of 3-hydroxyhexanoate and 3-hydroxyoctanoate (in 
trace amounts) in addition to 3-hydroxyhex-5-enoate and 3-hydroxyoct-7-enoate was not 
surprising. 'It is notable that the mcl-3HA content of sample F 4.9, which was harvested at 
the end of Fermentation F 4, was lower despite increased addition of the co-substrate and 
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TABLE 4.2: Solvent fractionation to separate scl/mcl-PHAs from scl-PHAs. 
Monomeric composition of PHA" 
Sample Portion C4:0 C5:0 C6:5 C6:0 C8:76 
[%] [mol%] [mol%] [mol%] [mol%] [mol%] 
F 4.7-blendc 100.00 9 1 . 3 6 + / - 1.18 0.83 + / - 0.02 3.26 + / - 1.00 1.31 + / - 0.05 3 . 2 4 + / - 0.11 
F 4.7-acetone(-)d 90.84 96.55 0.48 1.47 0.46 1.03 
F 4.7-acetone(+) e 4.63 . 55.84 + / - 6.43 3.33 + / - 0 .70 21.82 + / - 7 . 8 1 6.98 + / - 1.56 12.12 + / - 3.48 
F 4.7-l<W 4.52 
- - - - -
F 4.9-blend . 100.00 92.53 + / - 0.45 1.68 + / - 0 . 1 0 2.94 + / - 0.03 0.98 + / - 0 .14 1.88 + / - 0.17 
F 4.9-acetone(-) 77.10 96.31 1.62 1.18 0.35 0 .54 
F 4.9-acetone(+) 5.58 65.90 + / - 7.00 3.06 + / - 0.17 17.15 + / - 3.46 5.67 + / - 0.18 8.22 + / - 3.27 
F 4.9-loss 17.32 
- - - - -
"CX:Y = double bond at position Y of monomeric chain length X; 
hTraces of 3-hydroxyoctanoate (C8:0) were present as well; 
cChloroform extract from biomass (n=2); 
d
 Acetone-insoluble fraction (n= l ) ; 
e
 Acetone-soluble fraction (n=3); 
^PHA loss during Soxhlet extraction. 
higher PHA yield (Tables 4.1 and 4.2). Mcl-3HA monomers are suggested to be formed and 
then degraded through the PHB cycle in a similar fashion to 3HB monomeric units. There-
fore, it appears that a relatively high concentration of the alkenoic acid has to be maintained 
in the fermentation broth to keep mcl-3HA production and degradation balanced. It is ra-
tional to suggest that the addition of 7-octenoic acid after sample F 4.7 withdrawal was not 
sufficient to compensate for ongoing mcl-3HA degradation. 
4.3.2 Fermentation scale-up coupled with automatic methanol 
feeding 
Subsequent work was performed using 5-hexenoic acid (C6=) instead of 7-octenoic acid 
(C8=) due to better availability of the substrate and reduced cost. To obtain higher cell 
density cultures, and hopefully increased quantities of the PHAs, the fermentation process 
was scaled up and a methanol sensor was used to maintain methanol concentration at a 
fixed 0.15 vol% concentration, thus, minimizing methanol toxicity. Initial fermentations 
were performed in the same type of 20L-bioreactor previously used. However, the bioreac-
tor was not able to handle higher cell density cultures, for mechanical reasons, as the single 
mechanical seal started to leak at cell concentrations below 50 g/L (DCW). 
To eliminate leaking, modular bench-top bioreactors with a top-mounted agitator were used 
instead. Another advantage of this new setup was the ability to run in parallel four fermen-
tations under identical conditions. The setup allowed us to rapidly investigate the influence 
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of 5-hexenoic acid concentration on the culture behavior. Since methanol and 5-hexenoic 
acid are completely miscible, substrate mixtures with different 5-hexenoic acid concentra-
tions (5-hexenoic acid in methanol) were prepared: 7.5 vol% (F 9-1), 5 vol% (F 9-2), 2.5 
vol% (F 9-3), 0 vol% as control (F 9-4). A methanol probe (sensor) was used to automati-
cally feed the substrates whenever needed. Addition of 5-hexenoic acid as co-substrate was 
therefore coupled with addition of the main substrate methanol. All fermentations started 
with methanol as sole substrate source. After 46 h of running time, feeding reservoirs for F 
9-1, F 9-2 and F 9-3 were switched to the methanol/5-hexenoic acid mixtures. Figure 4.1 
shows that addition of 5-hexenoic acid strongly influenced the growth behavior of M ex-
phaC2. There was a strong, negative relationship between concentration of 5-hexenoic acid 
and dry cell weight during the entire fermentation. It is, therefore, obvious that 5-hexenoic 
acid inhibited growth of M. extorquens when present above a certain concentration. Com-
pared to the control Fermentation F 9-4, cultures F 9-1 and F 9-2 grew more slowly prior 
to, or starting with, addition of 5-hexenoic acid. However, culture F 9-3 only started to 
slow down after 66 h. Until this point, the growth profiles of F 9-3 and F 9-4 were nearly 
identical. The concentration of 5-hexenoic acid which led to growth inhibition (here de-
fined as Cto;(.ic) in Fermentation F 9-3 was 0.15 vol%. While the concentration of 5-hexenoic 
acid appeared to increase at a rate comparable to its addition at the beginning of the fer-
mentation, it plateaued in Fermentations F 9-2 and F 9-3 and eventually decreased (Figure 
4.1b). With Fermentation F 9-1, it can be seen that the concentration of 5-hexenoic acid 
ceased to increase towards the end of the fermentation. Consequently, it is suggested that 
M. ex-phaC2 cells slowly adjusted their metabolism to the inhibitory substance. 
The influence of 5-hexenoic acid on M extorquens was more evident when analyzing PHA 
yields (Figure 4.2). In Fermentation F 9-1, the PHA yield remained at a low level. In 
Fermentations F 9-2 and F 9-3, the accumulated PHAs, which were mainly comprised of 
3-hydroxybutyrate, as illustrated in Figures 4.3 and 4.4, were eventually degraded after 
adding the alkenoic acid. This indicates that alkenoic acids may inhibit CI metabolism in 
M. extorquens. To maintain cell viability, PHA granules may be metabolized to support cell 
maintenance and growth, and, as a consequence, PHA degradation can occur at a higher 
rate than that of new PHA production. Our results confirm the findings of Du et al. who 
reported that both octanoic and nonanoic acid inhibited production of PHAs in Cupriavidus 
necator [320]. Du et al. speculated that /3-ketothiolase (phaA), NADPH-linked acetoacetyl-
CoA reductase (phaB) and /or PHA synthase (phaC) were inhibited [320]. An inhibitory 
effect of medium-chain-length fatty acids on biomass production and PHA synthesis was 
also shown for Pseudomonas stutzeri [297]. 
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Figure 4.1: Impact of 5-hexenoic acid (C6=) concentration on microbial growth in 
Fermentation F 9. After 46 h of running time (indicated by arrow), methanol feeding 
reservoirs for F 9-1, F 9-2 and F 9-3 were switched to methanol/5-hexenoic acid mixtures. 
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Figure 4.2: PHA yields in Fermentation F 9. The results indicate that there was a negative 
relationship between 5-hexenoic acid concentration and PHA yield. The values for F 9-
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Figure 4.3: Molar portion of 3-hydroxybutyrate in PHAs derived from Experiment F 9. 
The molar percentage of the major component 3-hydroxybutyrate (3HB) started to decrease 
shortly after 5-hexenoic addition. A positive relationship was observed between 5-hexenoic 
acid concentration in feeding stream and portion of monomeric units other than 3HB. 
OO-O-D • D-qH^HJO -R-Q 9 O—• • • 
- V ^ * — — — i a 
— F 9-1: 7.5 vol% (C6= in MeOH) 
- - F 9-2: 5.0 vol% (C6= in MeOH) 
F 9-3: 2.5 vol% (C6= in MeOH) 
-o- F 9-4: 0.0 vol% (C6= in MeOH) 
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Figure 4.4: Molar portion of mcl-3HA monomers in PHAs from Experiment F 9. The 
correlation between mcl-3HA units (3HHx=/3HHx ph 2:1) suggests that approximately 1 / 3 
of the C-C double bonds were hydrogenated during 5-hexenoic acid metabolism towards 
PHA production. N 
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Figure 4.4 shows a correlation between the portions of 3HHx= and 3HHx in the polymeric 
chains, at a ratio of approximately 2:1. Random hydrogenation of terminal double bonds in 
alkenoic acids was observed in earlier studies [140,186]. Table 4.3 summarizes the effect 
of 5-hexenoic acid on all F 9 cultures. 
Due to the limited amounts of PHA material produced, and because of PHA losses as a re-
sult of solvent fractionation, the functionalized scl/mcl-PHAs were directly extracted from 
freeze-dried biomass by acetone (primary extraction). The biomass was dried and soaked 
in chloroform to extract the remaining polymers (secondary extraction). The acetone frac-
tions of all PHAs produced in Fermentations F 9-1, F 9-2 and F 9-3 showed very similar 
compositions (Table 4.4). Independently of the 5-hexenoic acid concentration, approxi-
mately 50 mol% of 3-hydroxybutyrate units was always present in the PHAs extracted. 
A similar phenomenon was observed regarding the production of scl/mcl-PHAs using re-
combinant Cupriavidus necator [321]. The monomeric composition of PHBHx remained 
unchanged independently of the substrate used. As previously stated, it was not possible 
to fully extract all mcl-3HA-containing copolymers with acetone as the chloroform fractions 
still comprised monomeric units other than 3HB. It is notable that acetone extraction of 
freeze-dried F 9-4 biomass resulted in purification of small amounts of PHB and of PHBV 
(3HB/3HV = 98.6/1.4). It is hypothesized that some granules were still amorphous after 
lyophilization and that the PHAs extracted from biomass with hot acetone were, therefore, 
blends consisting mainly of scl/mcl-PHAs and of small amounts of scl-PHAs. Surprisingly, 
3-hydroxyvalerate was present in all PHAs as well. This monomeric unit was not found 
when analyzing freeze-dried biomass (Table 4.3), possibly because its concentration was 
below the detection limit of the GC apparatus. Production of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate-co-3-hydroxyhexanoate) by a genetically engineered E. coli has also been 
TABLE 4.3: Summary of the results at 152 h from Experiment F 9. 
Run C6=/MeOH a DCW Yield Monomeric composition of PHAb 
PHA/DCW C4:0 C6:5 C6:0 
[vol%] [g/L] [wt%] [mol%] [mol%] [mol%] 
F 9-1 7.5 8.4 10.6 70.5 17.5 12 
F 9-2 5.0 13.2 13.0 89.1 7.1 3.7 
F 9-3 2.5 21.7 22.5 93.3 4.3 2.3 
F 9-4 - 26.3 29.7 100 - -
"Concentration of 5-hexenoic acid (C6=) in methanol feed; 
bCX:Y = double bond at position Y of monomeric chain length X. 
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TABLE 4.4: Monomeric composition of the PHA samples from Experiment F 9. 
Sample Monomeric composition of PHAa 
C4:0 C5:0 C6:5 C6:0 
[mol%] [mol%] [mol%] [mol%] 
F 9-1 acetone6 49.6 3.6 29.1 17.7 
F 9-2 acetone 46.0 3.6 31.9 18.5 
F 9-3 acetone 47.3 3.2 30.7 18.8 
F 9-4 acetone 98.6 1.4 - -
F 9-1 chloroform0 89.6 1.1 4.8 4.5 
F 9-2 chloroform 88.4 2.7 4.6 4.2 
F 9-3 chloroform 99.4 0.6 - -
F 9-4 chloroform 100 - - -
aCX:Y = double bond at position Y of monomeric chain length X; 
bBiomass extracted in acetone (primary extraction); 
cBiomass extracted in chloroform (secondary extraction). 
reported [39]. However, in that instance, the carbon sources were supplemented with va-
leric acid. The occurrence of 3HV in PHAs from Experiment F 9 was unexpected because 
odd numbered substrates had not been added. A possible explanation for this phenomenon 
is that CI chain reduction occurred as a side reaction during the double bond hydrogena-
tion. 
Although leaking through the mechanical seal was not observed with the F 9 fermenta-
tions, cell densities were lower than those previously obtained (ca. 50 g/L DCW). One 
notable problem encountered during cultivation of M. extorquens was the quantity of foam 
produced. This was exacerbated by addition of the alkenoic acid, as fatty acid deprotona-
tion caused by neutralization with KOH results in excessive foam formation. Soapy foam 
is a common side effect of saponification where esters are hydrolyzed to alcohol and fatty 
acid salts. The addition of the chemical antifoam Biospumex (Cognis Corp, Cincinnati, OH) 
was, therefore, an absolute requirement. The modular bench-top bioreactors used were not 
equipped with a mechanical foam breaker and, being made of glass, they were sensitive to 
high pressure. Consequently, starting at 26 h, the antifoam had to be added continuously 
and it reached a concentration causing growth inhibition (> 0.1 vol%, data not shown). 
Hence, the maximal dry cell weight obtained in the control fermentation, Fermentation F 
9-4, was 26.3 g/L, compared to ca. 50 g/L as observed previously. 
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It should also be noted that addition of 5-hexenoic acid may have led to inaccurate esti-
mation of methanol concentration. This problem was somewhat expected since the silicon 
tubing, a component of the methanol sensor used, is not compatible with 5-hexenoic acid. 
As a consequence, it is reasonable to believe that prolonged circulation of the acid inside the 
tubing is prone to affect measurement accuracy. For instance, a few times, methanol con-
centration was found superior to the fixed 0.15 vol% concentration in spite of signs, such 
as a sudden increase in dissolved oxygen level, strongly suggesting that methanol had be-
come limiting and that culture growth was slowing down. To partially compensate for this, 
we deliberately increased the threshold concentration at which both substrates were auto-
matically fed. Details regarding the operation mode of the methanol probe are provided 
in [313], 
4.3.3 On-line estimation of 5-hexenoic acid consumption 
Proper coupling of methanol and 5-hexenoic acid feeding was important in order to un-
derstand the influence of the alkenoic acid on growth and on PHA synthesis. To prevent 
overfeeding of the alkenoic acid, 5-hexenoic acid was added manually in Experiment F 10, 
performed at the 75L-scale. For this experiment, a bottom-agitated bioreactor equipped 
with a mechanical foam breaker was used. Figure 4.5 shows the relationship between PHA 
and 3HA yields calculated on a dry cell weight basis and measured 5-hexenoic acid con-
centration. Most of the time, the 5-hexenoic acid concentration was above Ctoxic but low 
enough to permit cell growth and PHA production. The concentration of 5-hexenoic acid 
reached 0.3 vol% after several additions. During subsequent consumption, the yields of 
3HHx= and 3HHx peaked at 0.189 vol% (C6=) after 46 h of running time. During the 
following 21 h, the fraction of both mcl-3HAs decreased even though the alkenoic acid was 
never depleted. The increase from 0.071 vol% (67 h) to 0.153 vol% (70 h) in 5-hexenoic 
acid was sufficient enough to boost scl/mcl-PHA production before yields started to decline 
again. Interestingly, the yield of 3HB increased just as sharply after addition of 5-hexenoic 
acid at 67 h. 
The results indicated that a significant portion of the 5-hexenoic acid was not used for PHA 
synthesis but was metabolized for other purposes. This was unexpected because M. ex-
torquens is not dependent on fatty acid degradation if there is sufficient methanol present. 
As stated earlier, medium-chain-length fatty acids appear to inhibit methanol metabolism 
and their metabolites are probably channeled towards cell maintenance and reproduction. 
Moreover, as mentioned previously, the PHB cycle is vital in M. extorquens and, thus, PHAs 
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Figure 4.5: Relationship between PHA and 3HA yields (based on DCW) and 5-hexenoic 
acid concentration in Experiment F 10. There were two long C6= consumption periods 
during which no co-substrate was added (Phase I: 32-67 h, Phase II: 70-94 h). Approx-
imately 50% of the terminal double bonds of 5-hexenoic acid were hydrogenated during 
metabolism towards PHA production. 
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were degraded, resulting in a decreased PHA yield. Consequently, 5-hexenoic acid concen-
tration should be maintained at a comparatively high level to allow for mcl-3HA accumula-
tion. The required concentration should be above Ctoxic (0.15 vol%) resulting in a trade-off 
between desirable high cell density cultivation and mcl-3HA monomeric unit abundance. 
The increased production of PHA observed between 67 and 70 h could be attributed to a 
temporary surplus of 5-hexenoic acid, while the increase in 3HB during the same time pe-
riod may be explained by a high activity of the recombinant PhaC2 enzyme being activated 
by mcl-3HA precursors. 
The monomeric composition of the PHAs obtained from Fermentation F 10 was different 
than those observed with the F 9 PHA samples (Tables 4.3 and 4.5). Since less 5-hexenoic 
acid was supplied during the fermentation, the average PHA concentration was lower in the 
F 10 samples and the total portion of mcl-3HA units was also reduced. Monomeric units of 
C5 length (3HV) were not detected either. Moreover, the ratio between 3HHx= and 3HHx 
was 1:1 in F 10 compared to roughly 2:1 in F 9. To compare scl/mcl-PHA extraction with 
solvent fractionation, a portion of the chloroform-extracted PHA blend was soaked in hot 
acetone in a Soxhlet apparatus as described previously. The portion of 3HB was notably 
higher in the acetone-extracted PHAs, confirming the previous finding that small quantities 
of remaining amorphous PHB can still be extracted by acetone. 
Manual 5-hexenoic acid addition led to increased biomass production. Because 5-hexenoic 
acid is toxic, its concentration in the fermentation broth must be monitored frequently. 
Unfortunately, in a fermentation context, sample preparation for HPLC analysis is costly 
and time-consuming. More than 60 minutes are needed from sample withdrawal to anal-
ysis. Different on-line tools have been used to control substrate toxicity related to alka-
TABLE 4.5: PHA extraction from F 10 biomass. 
DCW PHA Substrate Extraction Solvent Fraction Yield" Monomeric composition of PHAb 
yield Portion0 C4:0 C6:5 C6:0 
[g/L] [wt%] [%] [mol%] [mol%] [mol%] 
primary chloroform blend 87.32 96.0 • 2.1 1.9 
biomass primary acetone acetone(H-) 1.34 74.7 12.3 13.0 
47.64 42.6 
secondary chloroform acetone(-) 
-
97.2 1.5 1.3 
acetone ( + ) 0.1 45.7 27.2 27.1 
polymer fractionation acetone acetone (-) 97.71 97.8 1.1 1.0 
loss 2.19 
- - -
"Extraction yield based on total PHA contents of the biomass; 
bCX:Y = double bond at position Y of monomeric chain length X; 
cPortion of PHAs after solvent fractionation. 
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noic/alkenoic acid addition and/or to PHA production including closed-loop GC analy-
sis [322], calorimetry in combination with flow cytometry [323], and complex potentiom-
etry (electronic tongue array) [324]. 
To avoid using complex equipment, a mathematical model for on-line estimation of 5-
hexenoic acid concentration was developed. During Fermentation F 10, the concentration 
of 5-hexenoic acid decreased in a linear fashion after addition of the two co-substrates (Fig-
ure 4.5, Phase I: 32-67 h, Phase II: 70-94 h). From Figure 4.5, it can be seen that the 
consumption rate of 5-hexenoic acid was lower during Phase II than during Phase I. It is 
rational to suggest that 5-hexenoic acid uptake and metabolism was directly related to the 
culture metabolic activity. Exhaust gas monitoring is commonly used to monitor microbial 
activity in bioreactors, and C0 2 production over time, here defined as Q(C02) , may be used 
to estimate microbial growth. With M. extorquens, data collected from automatic methanol 
addition may also be used to estimate microbial growth. Figure 4.6a shows that analysis of 
C0 2 production, Q(C0 2) , and of methanol addition, Q(MeOH), yielded sigmoidal curves, 
typical of microbial growth in a batch mode. Both C02- and methanol-derived curves began 
to diverge shortly after 20 h, the time at which the co-substrate was first added (arrow in 
Figure 4.6a). It is suggested here that the divergence was the direct result of 5-hexenoic acid 
metabolism, which was reflected in Q(C0 2) but not in Q(MeOH). By dividing Q(MeOH) by 
the working volume (_VW) of the bio reactor, to account for base and acid addition as well as 
for sampling, the methanol summation curve could be fitted to approximate the DCW curve 
in Fermentation F 10 (Figure 4.6a). InM. extorquens, methanol is used for growth and pro-
duction of PHB [12,16]. The volume of methanol supplied reflects culture growth due to 
cell division plus weight growth owing to PHB or PHA accumulation. It is notable that the 
Q(MeOH) curve shows linearity during Phases I (32-67 h) and II (70-94 h) of 5-hexenoic 
acid consumption (Figures 4.5 and 4.6a). 
The concentration of 5-hexenoic acid was plotted against Q(MeOH) in Figure 4.6b and 
the curve for Phase II was manipulated to fit Phase I (Figure 4.6c). This manipulation 
was performed based on the assumption that no co-substrate had been added after 67 h 
of fermentation time. Figures 4.6b and 4.6c confirm that there was a correlation between 
consumption of 5-hexenoic acid and Q(MeOH). The slope of the curve was calculated with 
0.99 determination of co-efficiency (i?2), indicating a strong agreement with the assumption 
previously made. 
AC6 = vol% 
= - 0 . 0 0 1 8 2 4 — p - (4.2) 
A Q(MeOH) ^ 
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Since Q(MeOH) was calculated constantly and 5-hexenoic acid concentration at Time = 0 
was known, based on Equation 4.2, the concentration of 5-hexenoic acid at Time = 1 could 
be estimated as follows. 
vol% 
Cc6=m = CC6=(0) - 0 . 0 0 1 8 2 4 — • (QtMeOH) ( 1 ) - Q(MeOH\0)) (4.3) 
i 
Figure 4.6d demonstrates the application of Equation 4.3 for monitoring 5-hexenoic acid 
concentration, and indirectly its consumption, during Phases I and II of Fermentation F 10. 
The estimation was excellent. 
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(d) Estimation of 5-hexenoate (C6=0 concentration. 
Figure 4.6: Estimation of 5-hexenoate (C6=) concentration and consumption in Ex-
periment F 10. C6— concentration was plotted versus methanol volume fed (divided by 
working volume) for values of consumption Phase I (32-67 h) and Phase II (70-94 h). The 
C6= values for Phase II were subtracted by the amount that led to the concentration in-
crease between Phase I and Phase II due to 5-hexenoic acid addition. Details regarding 
application of this correlation to estimate 5-hexenoic acid concentrations are provided in 
text. 
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Due to technical difficulties with the 75L-bioreactor during Fermentation F 10, the subse-
quent fermentation was carried out in a 150L vessel (70L as initial working volume). Esti-
mation of 5-hexenoic acid concentration was implemented into the process control based on 
Equation 4.3. Low and high set points were defined to maintain the concentration between 
0.15 vol% and 0.2 vol%. Based on the calculated working volume, 5-hexenoic acid was 
added initially to reach a theoretical final concentration of 0.2 vol%. With each methanol 
addition, 5-hexenoic acid concentration was re-calculated until the 0.15 vol% concentration 
was reached. Once at the low setpoint value for 5-hexenoic acid, i.e., 0.15vol%, sufficient 
5-hexenoic acid was added to increase its final concentration to 0.2 vol%. It should be noted 
that co-substrate estimation was rather difficult due to the quantity of foam produced. As 
indicated earlier, the volume of 5-hexenoic acid required to reach the desired concentra-
tion was calculated based on the working volume; however, the actual liquid volume was 
lower than Vw due to foaming. Therefore, the 5-hexenoic acid concentrations measured did 
not match the estimated values, and concentrations of 0.3 vol% and higher were observed 
(Figure 4.7). 
After 26 h of fermentation time, 10 liters of culture were removed to increase headspace 
volume for the foam. This was repeated after 46 h by withdrawing an additional 20 liters. 
At this stage, the estimated (calculated) 5-hexenoic acid concentration was set to an HPLC-
verified value and on-line estimation was reset by adjusting the working volume in the 
process control system. Figure 4.7 illustrates that, in spite of the process control difficulties 
encountered, the estimation was in good agreement with the actual 5-hexenoic acid con-
centration between 46 and 65 h. The estimated values varied more between 26 h and 46 
h but, nevertheless, they were not far off the measured values, relatively speaking. After 
withdrawing an additional 30 liters at 66 h, the methanol feed was switched off to study the 
influence of 5-hexenoic acid on M. ex-phaC2 in the absence of methanol. Despite accelerated 
5-hexenoic acid consumption during the last fermentation period, the co-substrate was not 
able to maintain the culture at approximately 50 g/L (dry cell weight). The fermentation 
was terminated after 86 h due to an increase in the dissolved oxygen level, p0 2 , strongly 
suggesting that the culture was metabolically declining. Immediately after methanol addi-
tion was stopped, the PHA yield per dry cell weight peaked at 50.3 wt% and then dropped 
to a minimum of 28.6 wt% (data not shown). As suggested earlier, it is likely that the PHAs 
produced were metabolized since the concentration of 5-hexenoic acid present could not 
support additional biomass production. Mcl-3HA monomers were only detectable in trace 
amounts within freeze-dried biomass samples. Acetone-extracted PHAs from Fermentation 
F 12 biomass withdrawn after 65 h consisted of 89.4 mol% 3HB, 4.9 mol% 3HHx= and 5.7 
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mol% 3HHx (Sample # 8 in Table 4.6). The ratio between total methanol and 5-hexenoic 
acid addition in Fermentation F 12 was higher than those in Fermentations F 10 and F 9, 
resulting in a higher 3HB-to-mcl-3HA ratio. 
10 20 30 40 50 
Time [h] 
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Figure 4.7: Biomass (DCW) and 5-hexenoic acid concentration (measured and esti-
mated) during Fermentation F 12. Large volumes of culture were removed to increase 
headspace for foam. The difference between calculated working volume and liquid volume 
in the bioreactor exacerbated the application of the estimation model for 5-hexenoic acid 
concentrations, which was successfully applied when foaming was kept under control (46 
- 65 h). C6= as sole carbon source was not able to support biomass production during the 
remaining 20 h. 
M. ex-phaC2 was capable of producing blends consisting of scl-PHAs and of functionalized 
scl/mcl-PHAs. Leaching in acetone could not completely separate these two varieties of 
PHA from one another. However, the concentration of scl-PHAs in the acetone fractions was 
reduced to a small fraction. This additional purification, however, was accompanied by sig-
nificant material losses. M. ex-phaC2 tolerated 5-hexenoic acid; however, at a concentration 
greater than 0.15 vol%, growth and PHA synthesis inhibition occurred. Consumption of the 
alkenoic acid was slow compared to methanol metabolism. To minimize PHA degradation 
in M. extorquens, 5-hexenoic acid concentration was maintained at concentrations higher 
than Ctoxic to assure scl/mcl-PHA accumulation. The main problem encountered during M. 
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ex-phaC2 cultivation was excessive foaming. Although chemical antifoams may be used, it 
was observed that they reduce microbial activity in high cell density cultures. 
4.3.4 Material characterization 
Selected PHA samples from fermentation Experiments F 9, F 10 and F 12 were tested for 
key material properties. Since it is desirable to use highly pure PHAs for material characteri-
zation, the samples selected were first washed in hot methanol. Surprisingly, small amounts 
of mcl-3HA-containing material were extracted from the acetone-soluble PHA samples de-
rived from Fermentations F 9-2 and F 9-3 (Sample #1 , Table 4.6) and F 10 (Sample #7 , 
Table 4.6). As M extorquens cells are naturally pink-pigmented, leaching of the biomass 
in solvents extracted some of these pigments together with the PHAs. Therefore, our pu-
rified PHA samples often showed a slight pinkish coloration. Washing in methanol led to 
discoloration of localized sections of the PHA samples. 
Consequently, to check for the possible influence of the pigments on the material properties 
of our experimental PHAs, the PHA material obtained from the Fermentations F 9-2 and F 
9-3 described earlier (Table 4.4) were first combined and the mixture, then, split into two 
different fractions: a first fraction made up of discolorized (white) PHA (Sample # 2 ) and 
TABLE 4.6: Monomeric PHA composition of the samples used for material characterization. 
Sample" Monomeric composition of PHAb 
# C4:0 C5:0 C6:5 C6:0 
[mol%] [mol%] [mol%] [mol%] 
1 28.1 + / - 0.47 2.9 + / - 0.40 44.3 + / - 0.21 24.7 + / - 0.39 
2 51.9 + / - 0.37 2.7 + / - 0.05 28.0 + / - 0.24 1 7 . 4 + / - 0 . 1 7 
3 50.9 + / - 0.18 3.3 + / - 0.12 29.2 + / - 0.18 16.6 + / - 0.07 
4 94.3 + / - 0.38 ndc 2.6 + / - 0.21 3.1 + / - 0.17 
5 99.9 nd trace trace 
6 6 5 . 2 + / - 0 . 6 4 nd 16.6 + / - 0.41 18.2 + / - 0.27 
7 52.1 + / - 0.79 nd 20.5 + / - 0.91 27.4 + / - 0.25 
8 89.4 + / - 0.27 nd 4 . 9 + / - 0.09 5.7 + / - 0.26 
A 100 - - -
B 88.2 + / - 0.73 - - 11.8 + / - 0.73 
an = 3; 
bCX:Y = double bond at position Y of monomeric chain length X; 
cnd = not detected. 
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one fraction (Sample #3) still showing a pinkish color even after the washing step, 
clarity, the monomeric composition of these two samples is given in Table 4.6. The 
samples showed a very similar composition. 
Thermal analysis 
Thermal transitions were measured with a differential scanning calorimeter (DSC). The re-
sults in Table 4.7 demonstrate the anticipated tendency of a decreasing Tm and Tg value 
with increasing mcl-3HA content. A more definite relationship was not observed. Treat-
ing functionalized scl/mcl-PHAs as "simplified" copolymers consisting of only two different 
components, A (scl-3HAs) and B (mcl-3HAs), as is often done with PHOUs, did not lead 
to the identification of an obvious relationship between Tm and molar mcl-3HA fraction. 
Therefore, Flory's model for melting temperature estimation of semi-crystalline copolymers 
could not be applied successfully [326] (Annex C). It is suggested here that the relation-
ship between thermal properties and monomeric composition is more complex in the case 
of multipolymers. In addition to monomeric side chain length, abundance of the terminal 
double bonds may play a significant role in determining/influencing the material properties 
of PHAs. For example, it has been reported that the homopolymer poly(3-hydroxypent-
4-enoate) exhibits a depressed Tm and degree of crystallinity compared to its saturated 
analogue PHBV [142]. It should be noted that, with the exception of Sample # 1 , which 
exhibited the highest mcl-3HA content, the melting temperature of all functionalized PHAs 
was not decreased below approximately 140°. Regarding their potential for medical appli-
cations, this is a significant advantage over functionalized mcl-PHAs which are not auto-
clavable due to their low melting temperatures of below 100° [20]. 
With the PHA samples discussed here, the ratio of saturated-to-unsaturated mcl-3HA units 
differed among all samples. Moreover, except for commercial Sample #B, only Sample 
# 1 and Sample # 7 were expected to be true copolymers, which complicated comparative 
analysis. Sample # 4 and Sample # 6 gave a second melting peak (Annex D). The presence 
and form of such bimodal melting peaks is a function of the chemical structure and may be 
altered by changing the crystallization conditions caused by the melting-recrystallization-
remelting process [327]. It is suggested that the moderate cooling rate of 10°C/min used 
in our study induced the formation of two different crystalline domains in the two polymer 
blends (Sample # 4 and Sample #6) . The other PHA blends did not give distinct bimodal 
melting peaks, however, their melting transitions occurred Over a wide temperature range. 
If two crystalline domains were present, then, their respective melting must have occurred 
consecutively, thus, producing only one wide peak in the DSC curve. 
For 
two 
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TABLE 4.7: Thermal properties of the PHAs investigated. 
Sample mcl-3HA t* a 1g Tm 
rr b 
1
 d( 50%) Td{ 5%)C 
# [mol%] [°c] [°C] [°c] [°C] [%] 
1 69.0 -16 105 296 273 0.7 
2 45.4 -11 + / - 0 . 2 142 + / - 0.4 288 280 0 
3 45.8 -11 + / - 0.4 148 + / - 0.5 293 279 3.3 
2 + / - 1.0 153 + / - 0.5 
168 + - / 0.7 4 5.7 
292 278 43.5 
5 trace 2 + / - 0.5 168 + / - 0.4 285 278 46.6 
6 34.8 -11 + / - 0.7 145 + / - 0.1 165 + / - 0.8 301 283 8.5 
7 47.9 -12 + / - 0.5 139 + / - 0.3 ndd nd 0.1 
8 10.6 -7 + / - 0.5 1 4 5 + / - 0.5 296 280 13.3 
A - 4e 180e 273 255 60-806 
B 11.8 -7 + / - 0.7 143 + / - 1.0 296 284 25.9 
a n=2; , 
hThermal decomposition temperature at which the weight was reduced by 50%; 
Thermal decomposition temperature at which the weight was reduced by 5%; 
dnd = not determined; 
eFrom [178], because our data were unusable. 
A negative relationship was also observed between degree of crystallinity (Xc) and increas-
ing mcl-3HA content (Table 4.7). Copolymers (Samples) #1 , # 7 and the PHA blends # 2 and 
# 3 were fully or nearly amorphous as they showed very small phase transition enthalpies. 
It is suggested that the presence of crosslinkages between side chains was responsible for 
the low degrees of crystallinity of these PHAs. This hypothesis is supported by comparing 
the degree of crystallinity between Sample # 8 (Xc = 13.3) and Sample #B (Xc - 25.9). 
Both PHAs exhibited very similar thermal and compositional properties (Tables 4.6 and 
4.7) except that Sample # 8 contained 4.9 mol% of 3-hydroxyhex-5-enoate. It is possible 
that crosslinkages were formed between the side chains of these monomers and that the 
crosslinkages reduced the formation of crystals within the polymers. 
Thermogravimetric analysis (TGA) was used to determine the thermal stability of the PHAs. 
Figure 4.8 indicates that all copolymers exhibited improved thermal stability when com-
pared to PHB (Sample #A). The thermal decomposition temperatures Td(50/o) and Td(so%) 
increased by 18-29°C and 12-28°C, respectively. It is advantageous to have a large differ-
ence between the melting and thermal decomposition temperatures in order to melt-process 
polymers without significant material loss. Consequently, Tm depression and Td increase are 
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Figure 4.8: TGA curves of various PHAs. The decreased weight loss (indicated by the 
hump in degradation curves of some samples in the 300 to 500°C region) is suggested to be 
a result of crosslinkages between polymeric side chains that were formed prior to and/or 
during the heating process. Samples # 1 (black, 44.3 mol% 3HHx=), # 2 (red, 28.0 mol% 
3HHx=0, # 3 (blue, 29.2 mol% 3HHx=), # 4 (green, 2.6 mol% 3HHx=), # 5 (orange, < 
0.1 mol% 3HHx=), # 6 (purple, 16.6 mol% 3HHx=), # 8 (pink, 4.9 mol% 3HHx=), #A 
(dashed, 0.0 mol% 3HHx=), #B (long-dashed, 0.0 mol% 3HHx=). 
desirable for improved processibility of PHAs. In contrast to previous observations [328], 
no relationship was observed between mcl-3HA content and thermal decomposition tem-
perature. All of the weight curves from the double bond-containing polymers (Figure 4.8), 
except for Sample # 4 and Sample #5 , showed reduced weight losses in the 300 to 500°C 
region. As additional energy is required to thermally degrade hardened biopolyesters, for-
mation of crosslinkages between the polymeric chains could cause a deceleration of the 
decomposition process. However, if crosslinkages are initially absent, curing i.e., hardening 
of the polymer due to crosslinkages, could possibly occur during the heating process. Simi-
larly, a two-step thermal decomposition process was reported previously for PHOU [221]. It 
is notable that Sample # 2 and Sample # 3 did not fully degrade. The remaining ash content 
of these samples after combustion suggests that these samples were not satisfactorily pure. 
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Wide-angle X-ray diffraction 
Typical X-ray diffraction patterns for PHA polymers have been obtained (Annex E). It should 
be noted that comparative analysis cannot be done due to variations in the quality of the 
samples and to differences in support substrates. The following observations were made: 
(a) a crystalline peak at 2 0 = 13.5°, characteristic for 3HB-containing PHAs, was seen; 
(b) the diffraction pattern of the homopolymer PHB (Sample #A) was very similar to that 
reported in the literature [88,329]; (c) except for Sample # 1 , analysis of each polymer 
revealed a peak at approximately 2 0 = 16.9°, a characteristic of the homopolymer PHB, a 
peak that can also be observed in PHA copolymers. Although a second representative peak 
was previously reported to decrease with increasing 3HHx content in PHBHx copolymers 
[330], the diffraction patterns of Sample # 8 and Sample #B (PHBHx) did not show a 
similar reduction in this study. The crystalline form of the PHB lattice was found similar to 
that of Sample #A (PHB), indicating that the crystalline domain of 3HB was not significantly 
disrupted in Samples # 8 and #B. The diffraction traces of Samples # 1 and # 3 showed a 
double and a single peak at approximately 2 0 = 6.5°, respectively. Since these copolymers 
had the highest level of unsaturation, it is suggested that the peaks reflected the presence 
of double bonds. However, the significance of these peaks remains unclear given Samples 
# 2 and # 2 + 3 should have yielded similar results if this hypothesis was correct. 
Mechanical properties 
Only PHA samples from Fermentation F 9 (Sample # 2 + 3 ) and from Fermentation F 10 
(Sample #6) were available in sufficient quantities to permit tensile strength testing. The 
cast films were smooth and uniform and, consequently, they could be easily cut into small 
50 mm length and 10 mm width strips. Films from Sample # 2 + 3 were thinner as less ma-
terial was available. The Young's modulus (E), also known as tensile elastic modulus, is a 
measure of material stiffness. Young's modulus may be calculated from the slope of the lin-
ear part of a stress-strain curve. A steep curve, therefore, indicates a large Young's modulus 
value, representing a high degree of stiffness. PHB is commonly recognized as being stiff 
and brittle [81] as demonstrated by the high Young's modulus value obtained (Sample #A, 
Table 4.8). However, it should be noted that the steep slope is preceded by a region of yield-
ing until rupture marks the end of the entire curve. The scl/mcl-PHAs samples generated 
stress-strain curves which resemble those of ductile materials (Annex F). After an initial 
resistance, ductile materials undergo plastic deformation without fracture, as indicated by 
a disproportionately high increase in strain. The maximum of the curve equals the ultimate 
tensile strength (UTS) of a material and represents the transition from strain hardening 
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to necking in the stress-strain curve. .Table 4.8 summarizes the results for tensile testing. 
It is known that incorporation of mcl-3HA monomers results in a change in mechanical 
properties. Generally, there is a positive relationship between chain length and abundance 
of mcl-3HA monomers and ductility. Mcl-PHAs are often described as being rubbery and 
sticky [331,332], and this is supported by the data shown in Table 4.8 which indicate that 
Young's modulus and UTS decreased with increasing mcl-3HA content. Typically, the oppo-
site would be expected for elongation at rupture (ER). In this study, Sample #B could be 
stretched the longest although its mcl-3HA content (11.8 mol%) was lower than those in 
Samples # 2 + 3 and #6 . Even pure PHB (Sample #A) exhibited a longer degree of elonga-
tion at break. This may be attributed to the short length of the polymeric chains in the PHAs 
obtained from Fermentations F 9 and F 10 (Table 4.9). The resulting weakness becomes 
more evident when comparing the toughness of the PHAs tested. Toughness is defined as 
the energy a material can absorb before rupture occurs. This can, therefore, be quanti-
fied according to the area under a stress-strain curve, defined as the modulus of toughness 
(MT). It is suggested that PHBHx (Sample #B) was the toughest of all of the PHA polymers 
studied as it exhibited the longest polymeric chain and the highest molecular weight (see 
below). 
TABLE 4.8: Mechanical properties of the PHAs tested. 
Sample" mcl-3HA Thickness E" UTSC ERd MT6 
# [mol%] [mm] ' [Mpa] . [Mpa] [%] [Mpa] 
2 + 3 ~ 4 5 . 6 0.13 + / - 0 .0043 40 .47 + / - 6.37 1.00 + / - 0.13 10.30 + - / 2 .10 7.13 + / - 2.73 
6 34.8 0.07 + / - 0 .0000 1 8 6 . 1 2 + / - 1 3 . 8 1 3.86 + / - 0.19 7.35 + / - 1.04 16.94 + / - 3 . 5 1 
A - 0.15 + / - 0 .0000 270.40 + / - 39.38 11.03 + / - 1.25 11.80 + / - 4.45 88.50 + / - 39.69 
B 11.8 0 . 1 7 + / - 0 .0094 157.54 + / - 11.10 10.51 + / - 1.32 50.10 + / - 2 1 . 1 7 399.95 + / - 236.98 
an = 4 for Samples # 2 + 3 , # 6 and #B; n= 3 for Sample #A; 
bYoung's modulus; 
cUltimate tensile strength; 
^Elongation at rupture; 
eModulus of toughness. 
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Molecular weight determination 
Gel permeation chromatography (GPC) was used to determine weight average molecular 
weight (Mw), number average molecular weight (Mn) and resulting polydispersity index 
(PDI) (Table 4.9). Samples #4 , # 6 and # 8 showed swelling behavior and were only par-
tially soluble in chloroform. While this may be seen as an indication for the presence of 
crosslinked polymeric chains, it reduces the reliability of the values obtained, as only fil-
tered fractions could be analyzed. It is recognized that formation of a macroscopic network 
spanning all polymeric chains leads to a phenomenon known as gelation and that highly 
aggregated PHAs are not soluble in solvents [20]. 
TABLE 4.9: Analysis of selected PHA samples by GPC. 
Sample mcl-3HA M ; Mn» PDF 
# [mol%] [Da] [Da] [%] 
2 45.4 236,530 153,305 1,543 
3 45.8 136,185 20,644 6.597 
2 + 3 ~45 .6 207,945 146,147 1,423 
4 5.7 158,589 117,954 1.344 
5 trace 168,491 83,332 2.022 
6 34.8 353,075 279,583 1,263 
8 10.6 147,284 125,703 1,172 
A - 369,557 243,031 1.521 
B 11.8 554,218 383,257 1.446 
"Weight average molecular weight; 
bNumber average molecular weight; 
cPolydispersity index Mw/Mn. 
With the exception of Sample # 3 and Sample #5, the molecular weights (especially Mn) 
reported here suggest that the PHAs could be used for a broad range of applications. How-
ever, it is possible that the molecular weights for the unsaturated PHAs (Samples #2 , #3 , 
# 2 + 3 , #4 , #6 , #8, ) were increased due to crosslinkage formation. While the capacity 
to form a macroscopic network is a desirable property of PHAs, it has been reported that 
crosslinking within low molecular weight (below 200 kDa) PHAs results in polymers with 
reduced tensile strength, while crystallinity is being eliminated [189]. Even though changes 
in material properties are believed to be dependent on the crosslinking mechanism [229], 
and even though the reason(s) for the possible presence of crosslinkages in the polymers 
investigated here is(are) unknown, we have made very similar observations. The degree of 
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crystallinity was reduced while tensile strength was unexpectedly low for the unsaturated 
PHAs tested. 
Except for their Mw and Mn results, which may be unreliable as stated previously, Sample 
# 2 and Sample # 3 showed similar material properties. Consequently, it may be concluded 
that the presence of pink/reddish pigments in some of the PHA samples had no significant 
impact on the material properties. 
4.4 Conclusions 
The recombinant M. extorquens ATCC 55366 strain harboring the phaC2 gene from i? fluo-
rescens GK 13, labeled M. ex-phaC2 for simplicity, was capable of producing blends of short-
chain-length (4 < C < 5) and of short-chain-length/medium-chain-length polyhydroxyalka-
noates (PHA) (4 < C < 6), known to bear terminal C-C double bonds in their side chains. 
The functionalized PHAs produced and.characterized in this study showed promising mate-
rial properties, as incorporation of 3-hydroxyhex-5-enoate and of 3-hydroxyhexanoate led 
to a decrease in crystallinity, as well as in the melt and glass transition temperatures com-
pared to the homopolymer poly(3-hydroxybutyrate). These functionalized biopolyesters 
might, therefore, find uses in areas such as tissue engineering. Bioreactor studies, up to 
the 150L-scale, were conducted on the new production process and, in addition, a simple 
mathematical model was created permitting to estimate, via its integration into the process 
control system, the concentration of 5-hexenoic acid in the fermentation broth. High cell 
density fermentations, up to roughly 50 g/L of dry biomass, were possible, however, se-
vere foaming prevented reliable process control at times. Due to our inability to generate 
a phaC-minus mutant of M. extorquens [273], the PHA materials generated in this study 
consisted of PHA blends which needed to be resolved by solvent fractionation. Future work 
with M. extorquens will demand a second attempt at suppressing the expression of the na-
tive PHA synthase in order to eliminate the need for polymer fractionation and to increase 
the yield of the functionalized PHA. Finally, further optimization of the fermentation should 
also permit to increase the average molecular weight of the new PHAs1. 
:It was reported that preventing oxygen limitation by reducing methanol supply appeared to be favorable 
for the production of high molecular weight PHB [12]. 
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Abbreviat ions 
3HA: 3-hydroxyalkanoate; 3HB: 3-hydroxybutyrate; 3HHx: 3-hydroxyhexanoate; 3HHx=: 
3-hydroxyhex-5-enonate; 3H0: 3-hydroxyoctanoate; 3 H 0 = : 3-hydroxyoct-7-enoate; 3HV: 
3-hydroxyvalerate; C6=: 5-hexenoic acid; C8:= 7-octenoic acid; DCW: dry cell weight; 
DSC: differential scanning calorimetry, E: Young's modulus; GC: gas chromatography; 
GPC: gel permeation chromatography; HPLC: high performance liquid chromatography; 
lcl: long-chain-length; mcl: medium-chain-length; Mn: number average molecular weight; 
MT: modulus of toughness; Mw: weight average molecular weight; NMR: nuclear mag-
netic resonance spectroscopy; PHB: poly(3-hydroxybutyrate); PHA: polyhydroxyalkanaote; 
PHBV: poly(3-hydroxbutyrate-co-3-hydroxyvalerate); PHBHx: poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate); PHOU: poly(3-hydroxyoctanoate-co-3-hydroxyundec-10-enoate); 
PDI: polydispersity index; scl: short-chain-length; Td: thermal decomposition tempera-
ture; Tg: glass transition temperature; TGA: thermogravimetric analysis; Tm: melting tem-
perature; UTS: ultimate tensile strength; Vw: working volume; WAXD: wide-angle X-ray 
diffraction; Xc: degree of crystallinity 
Authors ' contr ibut ions 
Philipp Hofer as PhD student carried out or directed the experimental work and wrote the 
manuscript. Patrick Vermette as PhD director and Denis Groleau coordinated the study and 
offered general and expert supervision. 
Acknowledgements 
This work was partly supported by a strategic grant (No. STPGP 307509 - 04) from the 
Natural Sciences and Engineering Research Council of Canada (NSERC). The authors wish 
to thank sincerely Mrs. Chantale Beaulieu, Mrs. Manon Beauchemin, Mr. Danny D'Amours, 
Mr. Mario Beland, Mrs. Teffanie Le Francois, Mr. Wayne Levadoux, Mrs. Patricia Lock, all 
from the NRC-BRI, for scientific and technical assistance. Sincere thanks also to Mrs. Chan-
tale Coulombe, Mrs. Manon Plourde, Mrs. Florence Perrin and Mrs. Nathalie Raymond, 
all from Industrial Materials Institute of the National Research Council Canada (NRC-IMI) 
(Boucherville, Quebec, Canada), for being very helpful with the polymer characterization. 
Conclusions and Recommendations 
The main objectives of this project were to produce functionalized bacterial polyesters ex-
hibiting desirable thermo-mechanical properties which could find use as tissue engineering 
materials. Prior to the experimental work, a desired polyhydroxyalkanoate (PHA) chemical 
structure was designed, based on several key requirements for medical applications. These 
fundamental characteristics are listed below: 
1. Functional groups (C-C double bonds) resulting in biopolymers amenable to chemical 
modifications and co-grafting of other biomacromolecules. 
2. Semi-crystalline consistency, necessary to combine the strength of highly crystalline 
polymers with the flexibility of amorphous polymers. 
3. A melting temperature of between 125°C and 160°C to allow the biopolyesters to be 
autoclavable without the risk of thermal degradation. 
4. A glass transition temperature of below 0°C to ensure sufficient elasticity, flexibility 
and softness at the temperatures at which the PHA has to function. 
5. Molecular weights of greater than 100 kDa to prevent limitation of the application 
spectrum due to poor polymer strength. 
It can be seen that, in contrast to common polyhydroxyalkanoates, some of the PHA copoly-
mers produced here fulfilled the desired properties described above (Table 4.10). However, 
it should be noted that the molecular weights (MW > 1 0 0 kDa) of the PHAs produced were 
most likely to be a result of crosslinkages between side chains, rather than to the pres-
ence of long polymeric chains. Therefore, the functionalized PHAs produced may not be 
as durable as their commercially available but inert analogs. While the molecular weight 
is determined by the physiological environment of the PHA polymerizing enzymes (PHA 
synthase), the thermo-mechanical properties are determined by the PHA monomeric com-
position and compositional distribution. The structure of PHAs can be tailored by applying 
different feeding strategies. In this project, different substrate-to-co-substrate ratios led to 
different compositional distributions of 3-hydroxybutyrate (C4) and 3-hydroxyalkanoates 
(C > 5) within the copolymers. 
Previous research has mainly focused on the use of Cupriavidus necator, Escherichia coli and 
Pseudomonas species to yield PHAs. At the beginning of this study, it was decided to test 
111 
112 Conclusions and Recommendations 




scl/mclc this study1 
Functionality - • - S 
Low degree of crystallinity - _e • J 
125°C <fTm < 160°C - - • J 
gTg < 0°C - • • </ 
hMW > 100 kDa • 
aShort-chain-length, i.e., PHB and PHBV; 
bMedium-chain-length, e.g., PHOU; 
cShort/medium-chain-length, e.g., PHBHx; 
dE.g., poly(3-hydroxybutyrate-co-3-hydroxyhexanoate-co-3-hydroxyhex-5-enoate) (PHBHx=); 
eSome mcl-PHAs may have a very low degree of crystallinity. 
^Melting temperature; 
gGlass transition temperature; 
h
 Molecular weight. 
a novel microorganism for its ability to produce functionalized PHAs. The methylotroph 
Methylobacterium extorquens ATCC 55366 was chosen since it has been shown to be robust 
and to produce high yields of poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate). Moreover, M. extorquens is capable of using methanol, an inexpensive, 
abundant and non-food material and offers much potential for becoming an important mi-
crobial cell factory in the future. Initial experimentation revealed that the wildtype M. ex-
torquens strain (ATCC 55366) was not able to produce functionalized PHAs from a mixture 
of methanol, and unsaturated carboxylic acid. As a consequence, a metabolic engineering 
approach was taken in an attempt to convert the wildtype strain into a "cell factory" capa-
ble of producing functionalized PHAs containing C-C double bonds in the side chains. One 
of the greatest challenges was to determine the polymeric structure of the resulting PHAs. 
Two-dimensional nuclear magnetic resonance spectroscopy (2D NMR) confirmed that the 
monomeric compounds produced included terminal double bonds. 
Initial attempts were made to create a pfraC-minus mutant strain capable of showing good 
growth, but in which expression of the native PHA synthase was suppressed. The data 
obtained indicated that this was not possible and, consequently, a recombinant Methylobac-
terium extorquens ATCC 55366 harboring the phaC2 gene of Pseudomonas fluorescens GK13 
was engineered and used to obtain PHAs for preliminary material characterization. The 
PHAs produced were observed to be polymer blends comprising mainly short-chain-length 
PHAs, from which the desired functionalized biopolyesters had to be separated. The yields 
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of unsaturated PHAs were, therefore, comparatively low. Long waiting periods for the 
supply of the needed carboxylic acids, technical problems with different fermentation sys-
tems and excessive foaming prevented the development of an optimized production process. 
Nevertheless, the application of a simple model for automated carboxylic acid co-feeding 
indicated that the development of a fully automated fermentation process for the produc-
tion of functionalized PHAs with the genetically modified M. extorquens ATCC 55366 strain 
may be possible. The ability to obtain monomerically identical copolymers with various 
compositional distributions also suggests that different feeding strategies may lead to the 
possibility of tailoring the compositional distribution and thermo-mechanical properties. 
It is anticipated that the results presented here may contribute to current research on 
polyhyhroxyalkanoates at different levels. With the aid of genetic engineering tools, M. 
extorquens ATCC 55366 was converted into a factory for producing second generation 
biopolyesters. The desirable properties of functionalized medium-chain-length (6 < C < 
14) and inert short-chain-length/medium-chain-length polyhydroxyalkanoates (4 < C < 
14), were successfully combined to yield functionalized short-chain-length/medium-chain-
length PHAs by M. extorquens ATCC 55366 harboring the phaC2 gene of P fluorescens GK13. 
Currently, these properties are highly regarded and, consequently, these biopolyesters are 
suggested to be useful candidates for the manufacture of second and third generation bio-
materials. Various chemical modification techniques have been used to transform double 
bonds in the side chains of PHAs into hydroxyl, carboxyl, epoxy and halogenic groups (Sec-
tion 1.5.1). These reactive functional groups may be used to covalently bind other biopoly-
mers towards the development of biocomposites that promote the formation of vascular 
networks. It is proposed that implantable porous scaffolds could be produced in which the 
hydrophobic PHA would function as mechanical support and as three-dimensional guideline 
for vascular cell growth. 
RECOMMENDATIONS. Despite advantages shown by Methylobacterium extorquens ATCC 
55366 for the production of functionalized biopolyesters, development of this system should 
be revisited. The presence of the native PHA synthase (PhaC enzyme) in the present M. 
extorquens strain is a particularly significant issue. Unfortunately, the desired PHA(s), which 
result(s) from the presence of the recombinant PhaC2 synthase, constitute (s) only a small 
portion of the entire polymer blend produced. Consequently, this fraction must be isolated 
and purified, which may be costly and time consuming. It may be possible to minimize 
this negative aspect by integrating additional copies of the phaC2 gene into the host cells. 
Alternatively, other PHA synthase-encoding genes (phaC) could be cloned and expressed 
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in M. extorquens, for example, the phaC2 gene from Pseudomonas sp. 61-3 [333], the 
phaC2 gene from Pseudomonas stutzeri 1317 [334] or the phaCl gene from Pseudomonas 
aeruginosa [335]. However, as long as the native PHA synthase gene is present in the 
recombinant producing strain, it will compete with the heterologous PHA synthase (s) and, 
therefore, it might limit the ability of the heterologous PHA synthase (s) to produce the PHA 
of interest due to competition for precursors. 
M. extorquens ATCC 55366 was observed to be highly dependent on the polyhydroxybu-
tyrate (PHB) cycle in which PHAs are constantly polymerized and depolymerized. There 
are three other interdependent cycles that complement the metabolism framework in M. 
extorquens: tricarboxylic acid cycle (TCA), serine cycle and glyoxylate regeneration cy-
cle [336]. It is possible that the essential expression machinery may be affected when 
the metabolic flux is interrupted. Korotkova et al. demonstrated that the PHB cycle can 
be bypassed by feeding succinic acid to recover growth [281]. However, although this 
approach is possible it would not be feasible given that the primary goal was to utilize 
methanol as a cheap substrate. Since the functionalized PHAs were observed to be de-
graded during fermentation, additional metabolic engineering would also be required to 
keep PHA granules intact. This could be achieved by knocking out the PHA depolymerase 
encoding gene. In addition, potential relationships between the fatty acid degradation ep-
oxidation) cycle and other pathways would have to be inhibited. A common approach 
would be to interrupt the final step of the ^-oxidation cycle [337], responsible for the re-
moval of two carbon atom units. This step is catalyzed by acetyl-CoA C-acyltransferase 
(3-ketoacyl-CoA thiolase) whose function is to convert 3-ketoacyl-CoA into acyl-CoA and 
acetyl-CoA. Although the latter is involved in many biochemical reactions, in the pathway 
described here it causes fatty acid metabolites to be introduced into the TCA cycle. In 
principle, the fatty acid degradation pathway should be irreversibly channeled towards the 
formation and final deposition of PHAs. While it may be possible to decouple fatty acid 
metabolism from the remaining metabolic flux, it would be difficult to efficiently produce 
desirable biopolyesters by converting methanol and small quantities of alkenoic acids to 
unsaturated polyhydroxyalkanoates using M. extorquens. Consequently, it is recommended 
to use microorganisms instead that produce short-chain-length/medium-chain-length poly-
hydroxyalkanoates from inexpensive substrates, such as Aeromonas hydrophila [338] or 
genetically modified E. coli [339]. Supplementing alkenoic acids would likely lead to in-
corporation of unsaturated 3-hydroxyalkanoate monomers, sufficiently enough to perform 
crosslinking and chemical modifications within the PHA structure. 
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PHA samples should be stored with special care. Structural analysis (NMR and GC) per-
formed shortly after polymer purification did not indicate that crosslinkages were present. 
Shelf-life has been estimated to be 8 months under ambient conditions for polyunsaturated 
poly(3hydroxyundec-10-enoate) (PHU) [228]. A higher degree of crystallinity (compared 
to PHU) and corresponding linear alignment of the polymeric chains is suggested to facil-
itate/elicit crosslinking. Therefore, it is believed that the unsaturated polymers should be 
stored under an inert atmosphere (no oxygen), in the dark and at a temperature of below 
-5°C, as described previously [228]. It is anticipated that this would prevent rapid crosslink-
ing, something that probably occurred in the case of some of our samples. For the future, 
it is recommended that precious samples are regularly submitted to solubility tests (sol-gel 
analysis in a Soxhlet apparatus), molecular weight and infrared analysis (for the presence 
of double bonds) in order to monitor polymer gelation due to crosslinking. 
Further material characterization of unsaturated short-chain-length/medium-chain-length 
polyhydroxyalkanoates should be performed to obtain more information on their thermo-
mechanical properties. In addition to the methods described here, dynamic mechanical 
thermal analysis (DMTA) could be applied to obtain additional information on the stiff-
ness of the polymers and to determine the glass transition temperatures more precisely. 
Since biopolyesters are anticipated to be able to function as mechanical supports for porous 
implantable materials/devices, they should also be tested for their mechanical properties 
when in the form of a porous three-dimensional structure. Such scaffolds can be prepared 
by employing a solvent casting and particle-leaching (Section 1.3.1). 
To evaluate the functionalized short-chain-length/medium-chain-length polyhydroxyalka-
noates for three-dimensional tissue culture, hydrolytic degradation profiles should be in-
vestigated on scaffolds made of copolymers with different compositional distributions. In 
addition to weight loss and density change, it would also be pertinent to study the impact of 
degradation on the material properties, particularly tensile strength and elasticity. It is sug-
gested that two or three candidates should be selected (based on their degradation behavior 
and mechanical integrity) for in vitro cell adhesion studies using human endothelial cells 
(HUVECs). This investigation should provide an insight into the ability of the PHAs to pro-
mote cell attachment, proliferation and ingrowth for the formation of a three-dimensional 
micro-vascular network. Since the biopolyesters are produced using microorganisms, atten-
tion should also be paid to ensure that the PHAs produced are free of microbial endotox-
ins [340,341]. 
116 Conclusions and Recommendations 
In order to use unsaturated PHAs in biocomposites, C-C double bonds need to be trans-
formed into reactive groups. Carboxyl groups are known to be useful for linking biomolecules 
to PHAs and, consequently, PHAs have been carboxylated using KMn04 and 0 s 0 4 as oxida-
tive reagents [188,192,198,342] . The disadvantage of this approach is that there is a high 
risk that heavy metals may remain in the polymers. These must be removed completely 
if the functionalized PHAs are to be employed for biomedical applications. An alternative 
approach would be to ozonolyze unsaturated PHAs followed by oxidative treatment with 
H 2 0 2 (Figure 4.9). Since polyhydroxyalkanoates dissolve in chloroform, it is anticipated 
that the solvent and other excessive reagents could be removed by phase separation and 
evaporation under vacuum. 
n * 
OH 
Figure 4.9: Ozonolysis of unsaturated PHAs with oxidative after-treatment. 
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ANNEX A 
Fermentation Data Summary 
TABLE A.l: Fermenters used in study (Chapter 4). 
Manufacturer Size Initial volume Agitator position Mechanical sealing 
[L] [L] 
New Brunswick" 14 6 top -
Chemapb 20 8 bottom single 
Chemap 75 40 bottom double 
Chemap 150 70 bottom double 
aNew Brunswick Scientific (Edison, JY); 
6
 Chemap AG (Switzerland). 
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ANNEX B 
Sample List for Material Characterization 
TABLE B.l: Sample list for material characterization (Chapter 4). 
Sample # Origin Fraction0 
DSCb 
Tests performed 
TGAC TTd WAXDe GPC' 
1 F 9-2 + F 9-3g methanol'1 + + + -
2i F 9-2 + F 9-3 acetone + + - + + 
3> F 9-2 + F 9-3 acetone + + . - + + 
2+3k F 9-2 + F 9-3 acetone - - + + + 
4 F 9-3 chloroform + + - + + 
5 F 10 chloroform + - + + 
6 F 10 acetone + + + + + 
7 F 10 methanol - + - - -
8 F 12 acetone + + - + + 
A Industry - - - 4- + + 
B Industry - + + + + + 
"Fractions that were soluble in solvents listed. Further description is given in Section 4.3; 
bDifferential scanning calorimetry; 
Thermal gravity analysis; 
dTensile testing; 
EWide-angle X-ray diffraction; 
^Gel-permeation chromatography; 
gPHAs from F 9-2 and F 9-3 were combined to obtain sufficient amounts for tensile testing; 
hPHAs washed in methanol after acetone extraction; 
'White polymers; 
JPink polymers; 
''Combined Samples # 2 and #3 . 
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TABLE B.2: Monomeric PHA composition of the samples used for material characterization 
(replica of Table 4.6). 
Sample0 Monomeric composition6 
# C4:0 C5:0 C6:5 C6:0 
[mol%] [mol%] [mol%] [mol%] 
1 28.1 + / - 0.47 2.9 + / - 0.40 44.3 + / - 0.21 24.7 + / - 0.39 
2 51.9 + / - 0.37 2.7 + / - 0.05 28.0 + / - 0.24 17.4 + / - 0.17 
3 50.9 + / - 0.18 3.3 + / - 0.12 29.2 + / - 0.18 16.6 + / - 0.07 
4 94.3 + / - 0.38 ndc 2.6 + / - 0.21 3.1 + / - 0 . 1 7 
5 99.9 nd trace trace 
6 65.2 + / - 0.64 nd 16.6 + / - 0.41 18.2 + / - 0.27 
7 52.1 + / - 0.79 nd 20.5 + / - 0.91 27.4 + / - 0.25 
8 89.4 + / - 0.27 nd 4.9 + / - 0.09 5.7 + / - 0.26 
A 100 - - -
B 88.2 + / - 0.73 - - 11.8 + / - 0.73 
an = 3; 
bCX:Y — double bond at position Y of monomeric chain length X; 
cnd = not detected. 
ANNEX C 
Melting Temperature Depression 
Floras equation for melting temperature depression in copolymers with components A and 
B [326] (Section 4.3.4): 
1 1 R 
-lnXA (C.l) 7* yA im 1m A H„ 
£ 
1/Tm 
Linear Fit of 1/Tm 
where Tm is the melting temperature of the copolymer, T^ is the melting temperature of the 
homopolymer A, XA is the molar fraction of component A, R is the molar gas constant, and 
AHu is the enthalpy of fusion per mole of repeating units. In Figure C.l component A is 










Equation y = a + b*x 
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(a) Native DSC curves (b) Rescaled DSC curves 
Figure D.l: DSC of various PHAs (Section 4.3.4). The monomeric compositions of all 




Wide-Angle X-ray Diffraction 
(a) Sample # 1 (69.0 mol% mcl-3HA) (b) Sample # 2 (45.4 mol% mcl-3HA) 
2 8 2 8 
(c) Sample # 3 (45.8 mol% mcl-3HA) (d) Sample # 2 + 3 (~45.6 mol% mcl-3HA) 
Figure E.l: Wide-angle X-ray diffraction of various PHAs (Section 4.3.4). 
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2 8 2 8 
(g) Sample # 6 (34.6 mol% mcl-3HA) (h) Sample # 8 (10.6 mol% mcl-3HA) 
(i) Sample #A (0.0 mol% mcl-3HA) (j) Sample #B (11.8 mol% mcl-3HA) 
Figure E.l : Wide-angle X-ray diffraction of various PHAs (continued) (Section 4.3.4). 
ANNEX F 
Tensile Strength Testing 
0 2 4 6 8 10 12 
Tensile strain [%] 
(a) F 9 (Sample # 2 + 3 , ~45 .6 mol% mcl-3HA) 
Tensi le strain [%] 
(b) F 10 (Sample #6 , 34.8 mol% mcl-3HA) 
Tensile strain [%] 
(c) PHB (Sample #A, 0.0 mol% mcl-3HA) 
0 100 200 
Tensile strain [%] 
(d) PHBHx (Sample #B, 11.8 mol% mcl-3HA) 




Photographs of PHA Films 
(a) F 9 (Sample # 2 + 3 , ~45 .6 mol% mcl-3HA) 
(c) PHB (Sample #A, 0.0 mol% mcl-3HA) 
(b) F 10 (Sample #6 , 34.8 mol% mcl-3HA) 
i F ^ v j 
• • • 
• fl. 
H ^ n r 
(d) PHBHx (Sample #B, 11.8 mol% mcl-3HA) 
Figure G.l: PHA films used for the preparation of tensile testing specimen (Section 4.3.4, 




otracelflylar PI A Gramu 
Figure H.l : Intracellular PHA granules produced by wildtype M. extorquens ATCC 55336 in 
shake flask culture. An example for a granule is indicated by the arrow. (Chapter 3). 
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